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(57) ABSTRACT

Systems, algorithms, circuits, and methods for pattern detec-
tion of signature events in signal dynamics defined by
instantaneous states of applied square-wave signals.
Selected patterns may be recognized individually or in
equivalence classes, and detection may be implemented via
state or transition analysis. Varieties of conditions may be
detected in parallel, including phase, ambiguity states, and
frequency comparison. One embodiment realizes a real-time
frequency comparator for asynchronous square-wave sig-
nals. Realizations detect various classes of symmetry con-
ditions unique to enveloping events occurring for these
classes of square-wave signal pairs. This approach provides
feedback-free implementations operating over an extremely
wide frequency range and does not require signals of
quadrature form. A typical logic circuit implementation
involves two to four flip-flops, or two-stage two-bit shift
registers, and modest combinational logic. The resulting
system can be readily implemented as a utility integrated

(51) Int. CL circuit of modest scale or as a small-scale “IP core” within
HO3D 3724 (2006.01) larger system-on-a-chip (SolC) devices.
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Figure 1e Event-driven

Figure 1f Time-driven
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Figure 3b
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FREQUENCY COMPARATOR UTILIZING
ENVELOPING-EVENT DETECTION VIA
SYMBOLIC DYNAMICS OF FIXED OR
MODULATED WAVEFORMS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This Application claims benefit of priority from
provisional patent application Ser. No. 60/707,287, filed
Aug. 10, 2005.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention pertains to electronics, algo-
rithms, signal processing, communications systems and
computers, and more specifically to frequency comparators,
phase comparators, and processes involving symbolic
dynamics and quasi-periodic phenomena.

[0004] 2. Description of the Related Art

[0005] Frequency and phase comparators are classic sub-
system elements used in a wide variety of applications in
communications, signal analysis, and other areas. A number
of approaches have been employed or proposed including
the use of digital counters, analog integrators, quadrature-
phase signal formats provided in parallel, and state machines
with state feedback.

SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention utilize
“enveloping” event phenomena, intrinsic to the dynamics of
pairs of square waves or pulse waves waveform signals of
different frequencies, to determine which of the pair is of a
higher frequency than the other, as well as other types of
information. The frequency and duty-cycle of one or both of
the waveforms may be modulated in time, allowing many
applications, including those in communications and mea-
surement instrumentation. The potential frequency operating
range is enormous: the low end is ultimately determined by
state memory duration (i.e., waveform period time-scales of
up to multiple years) and the high-end is ultimately deter-
mined by waveform-transition detection recovery intervals
(i.e., waveform period time-scales of down to 2-3 logic gate
propagation times).

[0007] An enveloping-event detection approach may be
used to facilitate at least two new classes of frequency
comparator and related functions that are entirely feed-
forward in state signal flow, and unlike the related art, do not
require digital counters, analog integrators, quadrature-
phase signal formats, or state machines with state signal
feedback. These approaches work over an extremely wide
frequency range. The enveloping-event detection and clas-
sification can be done in a number of ways as provided for
by embodiments of the invention.

[0008] Additionally, embodiments of the present inven-
tion may be applied to synchronous motor control and
operation, transportation systems, manufacturing or project
scheduling, the scheduling of real-time tasks in operating
systems, astronomy calculations (including analyses of
ancient archaeoastronomy sites), oscillator-coupling phe-
nomena in chaotic and self-organizing systems, geometric
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lattice design, quantum effects, long-duration timing sys-
tems for radioactive waste storage or long-distance space
travel, molecular vibration, energy-transfer among inhar-
monic periodic modes of oscillation, and biological and
ecological systems.

[0009] 1In a first class of implementations, square wave
enveloping events occurring between pairs of square wave
signals may be detected by identifying consecutive opposite
transitions in one signal occurring between consecutive
opposite transitions of the other signal, and vice versa.

[0010] In a second class of implementations, instanta-
neous values of two square waves may be collectively
regarded as a symbol of asynchronous state. Square wave
enveloping events are detected by identifying signature
symmetries in the resulting sequence of symbols. Realiza-
tions of this second class of implementations amount to
interpreting the relative values of the two applied square
waves as a type of symbolic dynamics to which pattern
detection is applied. This class of implementations can be
used to provide additional detailed information, such as a
course indication of relative phase, for example, utilizing
specific symbol sequence signatures that can be detected in
real time.

[0011] Although these two exemplary classes of imple-
mentations involve different philosophies, they share many
properties including the ones mentioned above. Either
approach may be realized in software, hardware, and com-
binations thereof. If the provided square waves are not
co-synchronized to an underlying clock, they may be
sampled periodically for one level of accuracy or perfor-
mance, or implemented asynchronously with logic circuits
and flip-flops at a higher level of accuracy or performance.
Sampling rate, race conditions, and transition detection
recovery-time facilities that may be utilized in various
implementations determine the limits of maximal opera-
tional frequency range and minimum measurable frequency
difference. In hardware, for example, a typical logic circuit
implementation includes two to four flip-flops or two-stage
two-bit shift registers and modest combinational logic. The
resulting system can thus be readily implemented as a utility
integrated circuit of modest “MSI” scale or as a small “IP
core” within larger-scale system-on-a-chip realizations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The above and other aspects, features, and advan-
tages of the present invention will become more apparent
upon consideration of the following description of preferred
embodiments, taken in conjunction with the accompanying
drawing figures.

[0013] FIG. la-1fillustrate event-driven and time-driven
symbol sequences as well as conditions determined by state
or by transitions between states.

[0014] FIGS. 2a-2b illustrate exemplary enveloping
events between square wave signals of differing frequencies.

[0015] FIG. 2¢ formalizes aspects of FIGS. 2a-2b, illus-
trating eight types of symmetry events, their constituent
symbols, and associated notations.

[0016] FIGS. 3a-3b illustrate additional aspects and nota-
tions pertaining to eight types of symmetry events, their
constituent symbols, and associated notations.
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[0017] FIG. 4 illustrates organizations of symmetry
events with respect to common inner symbols and common
outer symbols, showing these to be equivalent.

[0018] FIGS. 5a-5e¢ illustrate various input signal and
output signal arrangements pertaining to use of a symbolic
processor. Additionally, FIGS. 5d-5¢ illustrate a more
detailed view of the conversion of time-varying signal
waveforms to sequences of symbols and subsequent appli-
cation of these to pattern detection systems or methods.

[0019] FIGS. 6a and 6d-6g illustrate various exemplary
clock-pulse creation means driven by input waveform tran-
sitions.

[0020] FIGS. 6b-6¢ illustrate input/output waveform rela-
tionships associated with FIGS. 6a and 64-6g.

[0021] FIG. 7 illustrates an exemplary approach to a
symbol-based embodiment of the invention.

[0022] FIG. 84-84 illustrate an exemplary approach to a
symbol-based embodiment of the invention. LED indicators
are provided to indicate various operating conditions, states,
and obtained results.

[0023] FIG. 9 illustrates a more concise symmetry-event
detector structure that may be used in place of the general
magnitude-comparator function shown in FIG. 8b.

[0024] FIG. 10 illustrates an exemplary problematic
implementation of a problematic attempt at a transition-
based embodiment of the invention, demonstrating the need
to attend to details of interleaved transitions between input
waveforms as raised in conjunction with FIG. 25.

[0025] FIG. 1la illustrates an exemplary successful
implementation of one detection step of a transition-based
embodiment of the invention, demonstrating the ability to
ignore the relative order of up and down transitions of the
lower-frequency waveform.

[0026] FIG. 115 illustrates an exemplary exchange of
input waveforms shown in FIG. 11a so as to implement the
complementary detection step of a transition-based embodi-
ment of the invention.

[0027] FIGS. 11lc¢-11e show exemplary transformational
steps reorganizing the arrangement of FIG. 115 so that it
shares the same input structures as that of FIG. 11a.

[0028] FIG. 11/ shows an exemplary resulting superposi-
tion of the arrangement of FIG. 11a with the arrangement of
FIG. 11e.

[0029] FIG. 12a illustrates an logic-circuit implementa-
tion of the arrangement of FIG. 11f.

[0030] FIGS. 125 and 12¢ illustrates the addition of LEDs
to the implementation of FIG. 12a. The LEDs indicate
various operating conditions, states, and obtained results.

[0031] FIG. 13 illustrates an exemplary two-channel sig-
nal source for use in demonstrating, prototyping, and per-
forming additional research and development of various
aspects of the invention.

[0032] FIG. 14a illustrates exemplary geometric localiza-
tions of various “IP-cores” in an exemplary “system-on-a-
chip” (“SolC”) implementation, wherein one or more of the
IP cores may include an embodiment of the invention.

Nov. 16, 2006

[0033] FIG. 145 illustrates a wider range of silicon-based
embodiment options for the invention.

[0034] FIG. 15aillustrates an exemplary algorithmic
embodiment of a symbol-based embodiment of the inven-
tion, while FIG. 155 illustrates an exemplary algorithmic
embodiment of a transition-based embodiment of the inven-
tion.

[0035] FIGS. 16a-16¢ illustrate examples of how fre-
quency comparator technology may be extended to handle
more than two input signals, as provided for by an embodi-
ment of the invention.

[0036] FIG. 17 illustrates a descriptive representation of
how a continuous-time/continuous-state dynamical system
may be collapsed into a discrete-time/discrete-state dynami-
cal system, relevant in the setting of symbolic dynamics
(also known as topological dynamics).

[0037] FIGS. 18a-18c illustrate how the combined state-
space trajectory of a pair of continuous-time/continuous-
state oscillators may be viewed as a wrapping trajectory on
the surface of a hollow torus.

[0038] FIGS. 194-194 illustrate how different integer fre-
quency ratios between the two oscillators of FIGS. 18a-18¢
result in differing wrapping characteristics and trajectory
slopes, employing a view of the torus as joined edges of a
flat tile.

[0039] FIG. 20 illustrates how the torus of FIGS. 18a-18¢
and 194-195 may be symmetrically quantized into regions
associated with the symbols employed by the invention. In
particular, the symmetric quantization corresponding to the
case where the input signals are symmetric square waves is
depicted.

[0040] FIG. 21a illustrates a sequential tiling representa-
tion of the symmetrically quantized torus of FIG. 20,
wherein motion in the vertical direction represents time
and/or phase of one oscillator and motion in the horizontal
direction represents time and/or phase of the other oscillator.
FIG. 215 illustrates an exemplary trajectory on the sequen-
tial tiling representation of FIG. 21a and the identification
of an exemplary symmetry event.

[0041] FIG. 22 illustrates how varying the slope of the
trajectory on the sequential tiling, the slope determined by
the ratio of the frequencies of the two oscillators, to values
above or below unity, results in differing symmetry events
each giving complementary indication as to which oscillator
has the higher frequency.

[0042] FIG. 23 illustrates exemplary portions of trajecto-
ries associated with each of the eight symmetry events
associated with an embodiment of the invention. The four
symmetry events on trajectories with slopes greater than
unity are uniquely associated with one oscillator being
faster, while the four symmetry events on trajectories with
slopes less than unity are uniquely associated with the other
oscillator being faster.

[0043] FIG. 24 illustrates a larger scale view of a portion
of a trajectory of an exemplary pair of waveforms whose
relative ratio of oscillating frequencies varies in some inter-
vals in time.

[0044] FIGS. 25a-25d illustrate exemplary symbol gen-
eration phenomena resulting from applying asymmetric
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pulse waveforms as input signals. In particular, such input
waveform asymmetry, when applied to implementations of
the invention designed specifically for symmetric input
waveforms can create problematic alternating indications
that each of the oscillators is faster than the other when the
two oscillator frequencies are sufficiently close together.

[0045] FIG. 26 illustrates adaptations to the exemplary
symbol-based embodiment of FIGS. 8a-8¢ that provides for
the handling of asymmetric pulse waveforms.

[0046] FIG. 27 illustrates a variation of the quantized
torus of FIGS. 194-19d, which is adapted to asymmetric
pulse waveforms.

[0047] FIG. 28a illustrates an asymmetric sequential til-
ing representation of the asymmetrically quantized torus of
FIG. 27.

[0048] FIG. 28b illustrates exemplary trajectories associ-
ated with fixed frequency ratios of unity, less than unity, and
greater than unity in their traversal over the asymmetric
sequential tiling.

[0049] FIG. 28¢ illustrates exemplary portions of trajec-
tories associated with each of the eight symmetry events
associated with the invention.

[0050] FIG. 29q illustrates timing notations that may be
applied to asymmetric input waveforms.

[0051] FIG. 295 illustrates the interval of evolving occul-
tations of asymmetric aspects of two exemplary asymmetric
input waveforms with frequencies sufficiently close together
to result in alternating indications that each of the oscillators
is faster than the other.

[0052] FIGS. 30a-30d illustrate behavioral signatures of
exemplary alternating indications that each of the two exem-
plary oscillators is faster than the other resulting from
asymmetric input waveforms and frequencies sufficiently
close together.

[0053] FIGS. 31a-31¢ depict what occurs for waveforms
with some asymmetry as the frequency ratio is increased
from a value sufficiently lower than unity, through ratios
sufficiently close to unity, and then to ratios sufficiently
greater than unity.

[0054] FIGS. 324-32c illustrate the evolution of symbol
sequences and symmetry events before, during, and after
occultations of asymmetric aspects of two exemplary asym-
metric input waveforms with frequencies sufficiently close
together.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0055] In the following detailed description, reference is
made to the accompanying drawing figures which form a
part hereof, and which show by way of illustration specific
embodiments of the invention. It is to be understood by
those of ordinary skill in this technological field that other
embodiments may be utilized, and structural, electrical, as
well as procedural changes may be made without departing
from the scope of the present invention.

[0056] Various embodiments of the present invention uti-
lize “enveloping” event phenomena, intrinsic to the dynam-
ics of pairs of square waves of different frequencies, to

Nov. 16, 2006

determine which of the pair is of a higher frequency than the
other and potentially other information. In general, the
enveloping events may be detected by monitoring the pat-
tern of states or state transitions associated with the pairs of
square waves.

State View of the Dynamics of a Square Wave Pair

[0057] At a high level, state may be associated with pairs
of square waves by treating the instantancous measured
value of the two square waves as a two-component vector.
For example, a first square wave signal A and a second
square wave signal B may each tale on values of 0 or 1 at
any particular time (ignoring noise and transition-related
transient phenomena). There would be four resulting states,
as may be cataloged and named, for instance, by the symbols
So, S84, 8,5, and S; as in the exemplary list of Table 1 set forth
below:

TABLE 1

Sram =AB

Se=00
S, =01
S, =10
S;=11

This symbol assignment may be given by the following
formula:

(Eq. 1)

where “a” is the instantaneous value of A (i.e., either {0,1 })
and “b” is the instantaneous value of B.

S2as1)

[0058] The first square wave signal A and the second
square wave signal B typically originate from an exogenous
signal source and may be measured in asynchronous (effec-
tively) continuous time or in synchronously-sampled dis-
crete time. Each type of measurement creates a temporal
sequence of the symbols S, S, S,, and S;.

[0059] FIG. 1a shows the case for continuous-time mea-
surement, which produces an “event-driven” sequence of
symbols, while FIG. 15 shows the case for synchronously-
sampled discrete-time measurement, which produces a
“time-driven” sequence of symbols. Referring to FIG. 1a,
the graphs of a first square wave signal A 110 and a second
square wave signal B 120, each of which is allowed to take
on one of two values at any given time, are shown evolving
in time, with time increasing from left to right.

[0060] InFIG. 1a, first square wave signal A 110 is shown
progressing through an “up” transition 111 between a pre-
vious “lower” value and a subsequent “higher” value, fol-
lowed later in time by a “down” transition 112 between the
subsequent “higher” value and further subsequent return to
the previous “lower” value. This is followed by additional
subsequent “up” and “down” transitions. Similarly, the
second square wave signal B 120 is shown progressing
through “down” transitions 121, 123, an “up” transition 122,
as well as additional subsequent transitions. Between each
of the transitions 121, 111, 122, 112, 123, etc. the pair of
waveforms maintain a fixed state corresponding to one of
the symbols S, S;, S, and S;, and the state changes to
another symbol after the next transition. Thus, any transition
(e.g., 121, 111, 122, 112, 123, etc.) of either of the two
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square wave signals A 110 or B 120 causes a state transition,
or symbol transition, event 131, 132, 133, 134, 135, etc.
between which the state is held constant.

[0061] For example, in FIG. la, the state just prior to
transition event 131 is S; (A=0, B=1), the state between
transition event 131 and transition event 132 is S,(A=0,
B=0), the state between transition event 132 and transition
event 133 is S,(A=1, B=0), the state between transition 133
and transition 134 is S;(A=1, B=1), etc. The result is an
“event-driven” sequence of symbols {S,, S,, S5, S5 ... }.

[0062] FIG. 15 shows the case for synchronously-sampled
discrete-time measurement, which may produce a “time-
driven” sequence of symbols. Here the values of the same
first square wave signal A 110 and the same second square
wave signal B 120 are periodically measured at individual
sample times, denoted by sample times 141-150, and the
value of a state measured at one sample time is maintained
until the next sample time. Such an arrangement is useful in
regular clock-driven signal processing implementations.

[0063] Inthe example of FIG. 15, the state at sample time
141 is S,, the state at sample time 142 is S,, the state at
sample time 143 is S;, etc. Note that the state at the two
consecutive sample times 147 and 148 is S,. If the rate of
sampling were considerably faster than that depicted, situ-
ations where the same state is held for consecutive sample
times would frequently occur. By definition, the event-
driven symbol sequence cannot have consecutively repeated
symbols (since a driving “event” corresponds to a change in
state, hence change in symbol). Thus, in general, for the
same pair of square waves, an “event-driven” sequence of
symbols will typically differ from the “time-driven”
sequence of symbols. FIGS. 1e-1f provide a comparison of
permissible state transitions among the states represented by
symbols {S,, S;, S, S, ...} for event-driven and time-
driven measurements.

[0064] Referring ahead to the event-driven case of FIG.
le. direct transitions between symbol pairs S, and S; and
between symbol pairs S; and S, are forbidden as either
would require both square wave signals A 110 and B 120 to
change states simultaneously, a physically impossible con-
dition except in pathological cases and even then overruled
by circuitry race conditions, as is well known to those skilled
in the art of electronic digital circuit design. Also, in the
event-driven case of FIG. le, each state may transition only
to another state, not back into itself; this is because, by
definition, if there is no observed state transition there is no
new event. Hence no repeated event symbols are possible.
Taken together, the forbidden state transitions are those
where the current symbol and the immediately previous
symbol are either equal (transition back to same state) or
complements of one another (both square wave signals A
110 and B 120 change states simultaneously).

[0065] Inthe time-driven case of FIG. 1f; transitions from
a state back into itself are not only possible but dominate the
time-driven symbol sequence as the sampling rate increases.
As is clear to one skilled in the art, however, if the sampling
rate is high enough to capture the effect of every transition
in each of the pair of square waves (i.e., a sampling rate of
at least twice the frequency of the highest-frequency square
wave), the resulting time-driven event sequence can be
transformed into an approximate event-driven sequence
(such as that of FIG. 1a) where the only errors introduced
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are time-quantization delays. This transformation may be
done for example, by omitting any repeated sample values
such as 148 in FIG. 15. Additionally in the time-driven case
of FIG. 1f, direct transitions between symbol pairs S, and S,
and between symbol pairs S, and S, are in some circum-
stances possible, for example:

[0066] ifthe sampling rate is slow enough (the faster the
sampling rate, the less likely this situation will occur);

[0067] if the square wave signals A 110 and B 120 are
digitally generated, of frequencies that are ratios of
integers, and phase-locked.

These sampling-rate artifact transitions are indicated by
the dashed lines in FIG. 1f. Care should be taken to
adequately and stably handle cases where the sample
time effectively coincides with a transition in one of the
waveforms, as with sample time 149.

[0068] Whether obtained directly as in FIG. 14, or derived
from a time-driven symbol sequence, the measurements of
the two square waves ultimately provide an actual or
approximate event-driven symbol sequence. The measure-
ments themselves may be made on the sustained values of
the square wave, as called out by the bolded portions 161,
162, 163, 164, 165 of the square wave in FIG. 1¢, or may
be made on the transitions of the square wave, as called out
by the bolded arrows 170, 171, 172, 173, 174, 175 of the
square wave in FIG. 1d. For the measurement of sustained
values of the square wave, a “low-pass” filter or system for
the detection of a repeated value across a plurality of
consecutive sample times may be used. For the measure-
ment of the transitions of the square wave, a “high-pass”
filter, an edge detector (employing structures such as that of
FIGS. 6a-6g, to be discussed later), or a system for the
detection of a change in value between consecutive sample
times, may be used.

Enveloping Event Phenomena

[0069] With these concepts in place, the “enveloping-
event” phenomena peculiar to square waves of different
frequencies will now be described. FIG. 2a shows again a
first square wave signal A 210, here in particular called out
as having a lower frequency and thus a longer, wider-spread
period compared with that of a second square wave signal B
220. This figure depicts two special events 231, 232 where
the second square wave signal B 220 makes both an up
transition 233 and a down transition 234 during an interval
235 where the first square wave signal A 210 is unchanged,
On either side of these transitions in the second square wave
signal B 220, the first square wave signal A 210 makes its up
transition 237 and down transition 236. In this sense, an
up-down or down-up “pulse” of the second square wave
signal B 220 is enveloped by an up-down or down-up
“pulse” of the first square wave signal A 210, and this can
clearly only occur if the frequency of B is higher than the
frequency of A.

[0070] If the frequency of B is sufficiently higher than that
depicted in FIG. 2a, even more transitions of the second
square wave signal 220 would be enveloped within an
up-down or down-up “pulse” of the first square wave signal
210. An example of this can be found in FIG. 25, where
several transitions 254, 255, 256, 257 of the square wave
signal A, 253 are enveloped by an up-down “pulse”258 of
the square wave signal 252. Thus, a sufficient condition for
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a first square wave to have a lower frequency than a second
square wave is for there to be at least one consecutive pair
of “up” and “down” transitions of the second square wave
between a consecutive pair of “up” and “down” transitions
of' the first square wave. This condition will be referred to as
an “enveloping event.”

[0071] FIG. 2a illustrates two exemplary enveloping
events, namely enveloping 1 231 and enveloping event 2
232. As an example, eight types of enveloping events may
occur, and these will be discussed in conjunction with FIG.
2¢, after the following remarks.

[0072] First, although an enveloping event is sufficient for
one square wave to be determined as having a higher or
lower frequency than another, it is not a necessary condition.
For example, if two square waves of different frequencies
are phase-locked, there may be many classes of conditions
where enveloping events cannot occur. Similarly, if two
square waves are sufficiently close in frequency (for
example, originating from two cesium clocks), the two
square waves are effectively phase-locked for the probable
application interval (or lifetime) of the system. However, in
many applications the two square waves are from separate
sources and conditions that are not phase-locked and at
frequencies sufficiently different so that enveloping events
naturally and regularly occur. Further, in typical phase-
locked applications, enveloping events can be selectively
created or prevented using frequency-shift and phase-shift
modulation. Such applications are generally used in com-
munications systems.

[0073] Second, the enveloping events can be detectable
over a wide range of frequencies. The limiting case is where
the frequencies of two square waves are very close. Refer-
ring to FIG. 25, if the frequencies of the two square waves
A, 251 and 252 are very close, the detection arrangement
must be able to resolve narrow widths 250a, 2505 of the
enveloping of square wave B 252 by square wave A, 251.
Also, more frequently than not widths 250a, 2505 of envel-
oping will be asymmetric and at times considerably so, thus
requiring even higher performance in resolving narrow-
widths of enveloping 250a, 2505.

[0074] Third, for full range of operation, the arrangement
for detecting enveloping events must strictly determine that
both square waves have separately completed their consecu-
tive pair of “up” and “down” transitions, Simply detecting
that a first square wave has had a consecutive pair of “up”
and “down” transitions with the value of a second square
wave having the same value, as might be attempted in
simple implementations involving edge-triggered D flip
flops, will provide one or more false results. As an example
of such a false result, note that both square wave A, 251 and
A, 253 have the same value on the square wave B 252 up
transition 259 as they do on the subsequent square wave B
252 down transition 260; however, clearly the frequency of
square wave A; 251 is less than the frequency of square
wave B 252 while square wave A, 253 has frequency greater
than the frequency of square wave B 252.

[0075] Fourth, it is noted that the approach described thus
far can be sensitive to square wave asymmetry. At least some
enveloping event conditions can be violated if pulse widths
are not 50%, and enveloping events can be falsely generated
if duty cycles are extreme with respect to the difference in
periods of the two waveforms. This is a condition that is
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endemic to frequency measurements where square waves
are needed, and a common solution is to preprocess each
original square wave with a toggle flip-flop frequency
divider as described in, for example, the work entitled
CMOS Cookbook, Second Edition, by Don Lancaster,
revised by Howard Berlin, published by Newnes and
Howard Sams, Inc., Boston, pp. 276-277 (1988).

[0076] Finally, note that if a first square wave has a lower
frequency than a second square wave, the transitions of the
second square wave typically happen at a faster rate than the
transitions of the first square wave. In subsequent discus-
sions this is a useful dominating concept, so the terminology
“X faster than Y will be useful as a name for the condition
where the frequency of a square wave X is higher than the
frequency of a square wave Y.

Enveloping Events as Symmetry Events in Consecutive
States and Some of Their Properties

[0077] FIG. 2¢ depicts eight types of enveloping events.
Enveloping may be with either of the square waves having
a given or opposite polarity, giving four types of events.
Either square wave may be the “faster” (higher frequency)
wave, giving two cases for these four types, or eight cases
altogether.

[0078] Of value in both cataloging these and in subsequent
analysis, it is useful to characterize the cases using the state
symbols S, S, S,, and S; introduced earlier. The result in
so doing is the following:

[0079] Cases where B 270a is faster than A 270b:

[0080] S,S.S,275a
[0081] S,S.8,275h
[0082] S,S,S,275d
[0083] S,S,S,275d
[0084] Cases where A 270q is faster than B 270b:
[0085] S,S.S,276a
[0086] S,S,S:276b
[0087] S,S.S,276¢
[0088] S,S,S,276d

Thus the “signature” of one square wave having a faster
rate (higher frequency) than another are “symmetry
events” of the form:

S.8.8 (Eq. 2)

PTaTp

as indeed it is simply impossible for two square waves of
the same frequency to have these symmetric symbol
sequences.

[0089] FIG. 3a summarizes the findings of FIG. 2¢ in a
state-oriented form 310a-3104 and 3304-330d, rearranging
the ordering to index the outer symbols in ascending order.
The state is also indicated in vector form 320a-320d and
340a-340d, representing separate samples, 2-bit words in a
shift register, etc. It is equally viable to represent the findings
of FIG. 2¢ in a transition-oriented form, indicating which
square wave has enveloping transitions, in which order these
transitions occur, and what value the other square wave
maintains throughout the enveloping event. Further, it is
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useful to more concisely name each of the eight symmetry
events with a “symmetry event symbol”; for example, using
the notation:

Wog=Sp54S

Pa TPTaTP (Eq 3)
[0090] FIG. 3b consolidates this notation, the results of
FIG. 3a, and a representation of transition-oriented forms
into a single table. As an example, this representation of
transition-oriented forms may be rendered according to the

following rules:

[0091] The faster square wave is represented with a pair of
directionally-explicit transition arrows (e.g. 360a-3605)
reflecting their consecutive order of occurrence in the envel-
oping event.

[0092] The slower square wave is represented with a
horizontal line. This horizontal line is drawn above (e.g.
365a) the pair of transition arrows if the slower square wave
maintains a high value throughout the transition event, and
is drawn below (e.g. 3655) the pair of transition arrows if the
slower square wave maintains a low value throughout the
transition event.

[0093] The named source of each square wave (i.e., A or
B) is written to the left of its representation (e.g. 370a-3705).

[0094] FIG. 3b shows there are a number of striking
structural relationships exhibited, suggestive of possible
underlying permutation group phenomena and worthy of
further study. Some of the structural relationships may be of
value in various implementations, allowing in some situa-
tions useful “don’t care” simplifications in combinational
logic Karnough maps, algorithm design, and the like, Inde-
pendent of implementation, however, FIG. 4 draws attention
to two particular views of exhibited structural relationships
and reveals yet more, perhaps unexpected, inherent struc-
ture. The left table 401 is organized with common center
symbol 405 indexed in increasing order and listing the
rate-distinguishing outer symbols 410, 415 which indicate
which of the two square waves is faster. The right table 402
is organized exactly oppositely with the outer symbols 420
indexed in increasing order and listing the rate-distinguish-
ing common center symbol 425, 430 which indicate which
of'the two square waves is faster. In fact, the two tables have
exactly the same entries. Further, the two rate-distinguishing
columns 410, 415 and 425, 430 in both tables are, reading
from top to bottom, in retrograde (i.e., of opposite order).

[0095] Some further structural analysis will also be useful.
First of all, and by way of non-limiting example, exclusive
pairings are noted in the formation of symmetry events:

[0096] For B faster than A:
[0097] S, is always paired with S
[0098] S, is always paired With S,
[0099] For A faster than B:
[0100] S, is always paired with S,
[0101] S, is always paired witl S;.

Next, in each of the frequency comparison cases “B faster
than A” and “A faster than B,” each of the symmetry
events has a unique “complement” (i.e., all 0’s and 1’s
exchanged) within the same frequency comparison
case:
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[0102] For B faster than A:

[0103] W, =W,,*
[0104] W, ,=W,,*
[0105] W,,=W,.*
[0106] W,,=W,,*
[0107] For A faster than B:
[0108] W,,=W,,*
[0109] W =W, *
[0110] W, =W ;*
[0111] W, =W, *

This is due to the fact that enveloping events occur with
either polarity. Note in all cases that:

(Eq. 4

in part due to the way the symbols {S,, S;, S,, S5 ... }
have been indexed by the following formula:

WoeWape-o

S 2asby (Eq. 5)

[0112] In a state-oriented implementation, the sequence of
measured symbols may be examined for the occurrence of
eight possible symmetry event symbols so as to determine
which square wave signal is faster (i.e., has the higher
frequency). For an event-driven sequence (i.e., one preclud-
ing immediate symbol transitions back into themselves) a
symmetry event may be detected by comparing the current
symbol value to the symbol value that is two events in the
past: if they are identical, a symmetry event has just
occurred. Once a symmetry event has been detected, it may
be classified as a particular one of eight possible symmetry
event symbols based on the values of the current symbol and
immediately preceding symbol, following from the defini-
tions of the symmetry event symbols w,, shown in the
following Table 2:

TABLE 2
S : S Symmetry- Frequency

A B A B Event symbol  Relationship

0 0 0 0

0 0 0 1 Wo1 B faster than A
0 0 1 0 Woo A faster than B
0 0 1 1

0 1 0 0 Wio B faster than A
0 1 0 1

0 1 1 0

0 1 1 1 W3 A faster than B
1 0 0 0 W0 A faster than B
1 0 0 1

1 0 1 0

1 0 1 1 Wo3 B faster than A
1 1 0 0

1 1 0 1 W31 A faster than B
1 1 1 0 W3o B faster than A
1 1 1 1

[0113] Reorganization of columns (by partitioning each
symbol into its A and B components and arranging like
components in adjacent columns) yields a periodic cluster-
ing such as that presented in Table 3 below:
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TABLE 3
Seuent  Spreviows  Seument  Sproviews  Symmetry-  Frequency
Event symbol Relationship
0 0 0 0
0 0 0 1 Wor B faster than A
0 0 1 0 Wio B faster than A
0 0 1 1
0 1 0 0 Woo A faster than B
0 1 0 1
0 1 1 0
0 1 1 I W3 A faster than B
1 0 0 0 Wao A faster than B
1 0 0 1
1 0 1 0
1 0 1 1 Wiy A faster than B
1 1 0 0
1 1 0 1 W3 B faster than A
1 1 1 0 Wio B faster than A
1 1 1 1

[0114] The approach will be used directly to construct an
exemplary state-oriented implementation of a frequency
comparator and, after later discussion, detection of wave-
form asymmetries. In the two tables above, note that the
remaining eight of the sixteen possible conditions are not
recognized as a symmetry event. Each of these unrecognized
cases correspond to the previously described forbidden state
transitions where the current symbol and the immediately
previous symbol are either equal (transition back to the same
state) or complements of one another (both square wave
signals A and B change state simultaneously).

[0115] Both interesting and useful additional theory can be
developed for these and further structural observations, for
example,

[0116] further algebraic relationships,
[0117]

[0118] connections to formal established symbolic
dynamics theory, and

topological and geometric representations,

[0119] other phenomena with unique sequence phrase
“signatures.”

[0120] The discussion will return to these observations for
further aspects of the invention. For the present, discussion
is next directed toward applying the analysis developed thus
far to exemplary implementations and applications of fre-
quency comparison.

Exemplary Implementations

[0121] Two implementations will now be considered.
First, exemplary symbol-based approaches are presented,
and then exemplary transition-based approaches will be
presented. These implementations form a foundation readily
extensible to implementing additional aspects of the inven-
tion involving the aforementioned additional theory and
further structural observations. Before beginning, attention
is directed to the acceptance and handling of various types
of input signals.

[0122] A general setting for signals directed to general
implementations of the invention is illustrated in FIG. 5a.
Here two sources of binary-valued rectangular waveform
signals 510a-5105 (i.e., binary-valued symmetric square
waves, or pulse waveforms with a duty cycle other than
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50%) are presented as input signals to a state machine or
other electrical, algorithmic, computational, optical,
mechanical, chemical, biological, or ecological system 520
configured to operate as a symbolic processor. These input
signals may, for an applicable duration of time, be fixed-
periodic signals, time-modulated signals, frequency-modu-
lated signals, and the like. The symbolic processor is shown
producing one or more output signals.

[0123] In many situations input signals presented to the
symbolic processor may comprise waveform types other
than binary-valued rectangular waveform signals. FIG. 54-1
illustrates one approach for handling this situation wherein
these alternate types of input waveforms 530a, 5305 are first
provided to preprocessing operations 550a, 5505 that con-
vert these alternate types of waveforms 530a, 5306 into the
binary-valued rectangular waveform signals assumed in
FIG. 5a. These pre-processing operations 550a, 5505 may,
for example, comprise one or more of the following:

[0124] level-quantizing or comparator operations,

[0125] symbol recognition or conversion,

[0126]
[0127]
[0128]

[0129] In other implementations, input signals 530a, 5305
comprising types of waveforms other than the binary-valued
rectangular waveforms may be such that the waveformns
themselves possess other types of symbolic attributes intrin-
sically recognized by a corresponding specialized imple-
mentation of a symbolic processor. FIG. 556-2 depicts such
an embodiment wherein input signals 530a-5305 are applied
directly to a corresponding type of symbolic processor 540.

[0130] In many situations where the input signals are
indeed binary-valued pulse waveforms, these waveforms
may not be 50% duty cycle square waves. In fact in most
real-life systems and situations, what appear to be com-
pletely symmetric square waves reveal upon close inspec-
tion a duty cycle slightly different than 50%. This may be the
result of slight system instabilities, non-ideal system char-
acteristics, slight system operational errors, etc. In other
situations there may be deliberate variations in signal pulse
width, As will be discussed later, duty cycles other than 50%
can introduce additional effects and more complex behavior,
requiring more careful treatment as pulse width deviates for
waveforms of frequencies sufficiently close together. How-
ever, input binary-valued rectangular waveforms with duty
cycles other than 50% signals may be successtully applied
to a symbolic processor 520 designed for more precisely-
symmetric square waves by preprocessing both signals by
edge-triggered (toggle flip-flop) frequency dividers. This
technique can be used to create symmetric square waves
from only the rising or only the falling edge of the original
binary-valued input signal waveforms. The applied signals
are lower in frequency but retain many key properties, in
particular the condition as to which input signal frequency is
higher. This arrangement is depicted in FIG. 5¢ with input
signals 560a, 5605. Additionally, this technique may be
applied any number of times to reduce ultra-fast original
signals (as may arise from measurements).

event recognition,
multiple-input signal aggregation, and

intra-media signal transduction.
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Symbol-Based Embodiments

[0131] FIG. 54 illustrates a high-level view of an exem-
plary class of symbol-based embodiments. Two square
waves 570a, 5705 are presented to a system or method 501
for interpretation as (or transformation to) a sequence of
symbols 502. This sequence of symbols 502 may be pre-
sented to a pattern detection system or method 503 to
produce one or more output signals, flags, or conditions 590.
This class of symbol-based approaches is a special case of
the arrangement of FIG. Se in which a plurality of signals
580a-580n, each at a given moment talking one of a plurality
of values, and which may or may not be relatively periodic,
are applied to a system or method 511 for interpretation as
(or transformation to) a sequence of symbols 512 which are
presented to a pattern detection system or method 513 to
produce one or more output signals, flags, or conditions 595.

[0132] Referring again to FIG. 5d, the system or method
501 may be an asynchronous logic circuit, a synchronous
sampling system, a preceding algorithm, etc. In the case
where the system or method 501 is implemented as a
synchronous sampling system, transformations to an event-
driven sequence, such as those described earlier, may be
employed to create sequence of symbols 502. Typically,
such a realization will automatically provide delineation
between individual symbols within sequence 502. If it does
not, or in the case of an asynchronous logic circuit or other
asynchronous environment, such delineation between indi-
vidual symbols must generally be synthesized or derived.

[0133] There are a number of ways in which clock signals
can be derived from transitions of a given square wave
signal. The simplest of these involves capacitive-coupling,
as is well known to those skilled in the art; an example of
this will be employed later in the circuit depicted in FIGS.
12a-125, as will be discussed in more detail below.

[0134] A capacitive-coupling approach has frequency-
range limitations, so FIGS. 6a-6g illustrate additional ways
in which clock signals can be derived from transitions of a
given square wave signal. FIG. 6a shows a configuration
comprising exclusive-OR gate 610 and time delay element
620. When the input to this circuit experiences a logical
value transition, the inputs to the exclusive-OR gate are
briefly of different logical values. As shown in FIGS. 65 and
6c, this produces a pulse 630, 640 comprising a width in
time nearly that of the delay element 620 of FIG. 6a. This
approach may be implemented in electronics, or within an
algorithm utilizing, for example, a delay operation and
conditional test within a running loop.

[0135] FIG. 6d shows the time delay realized by an analog
RC circuit 650. The pulse width created here is determined
by the RC-time constant and the logic threshold of the
exclusive-OR gate. FIG. 6e shows the time delay realized
by a pair of inverters 660a, 6605. The pulse width created
here is approximately two gate propagation times. FIG. 6f
shows the time delay realized by a single positive-logic gate
670. An AND gate is shown in FIG. 6f, but other types of
gates may be used. The inputs are shown jointly connected,
but as appropriate for the type of logic gate used one input
may alternatively be tied high or low. The pulse width
created here is approximately a single gate propagation time.

[0136] FIG. 6g illustrates an exemplary way of generating
complementary pulses with essentially identical wavefronts

Nov. 16, 2006

and durations to minimize race conditions. Here, the delay
implementation of FIG. 6e is used. The FIG. 6g implemen-
tation includes inverters 660a, 6605, but this arrangement
can readily be replaced by other delay implementations,
such as those depicted in FIGS. 64, 64, 6f, and the like. The
transition pulse produced is simultaneously applied to two
symmetric-implementation Exclusive OR gates 6154, 6155.
A first of these two Exclusive OR gates 6155 has its second
input tied high, producing a logically identical transition
pulse delayed by the Exclusive OR gate propagation time,
while the second input of the other Exclusive OR gate 615a
is tied low, producing a logically-inverted transition pulse
also delayed by the (typically nearly identical) Exclusive OR
gate propagation time. The resulting pair of complementary
pulses, with nearly identical wavefronts and durations, is of
importance in some approaches to symbol transition detec-
tion implementation.

[0137] The acceptance and handling of various types of
input signals thus addressed, attention is now directed to
exemplary symbol-based embodiments.

[0138] FIG. 7 depicts an exemplary symbol-based
embodiment based upon the example of FIG. 5d4. Each of
the two square wave input signals (A 710a and B 7105) is
provided with a dedicated transition detector circuit 720a,
72056 (e.g., FIG. 6a), and the resulting transition detection
pulses are combined (here by a subsequent OR gate 730) to
create a “new-symbol-event” clock pulse. This clock pulse
is used to clock a 2-bit-wide shift register 740, to which the
square waves are applied. Note that the 2-bit-wide shift
register 740 driven by the combined transition detection
pulses is used rather than two separately clocked 1-bit shift
registers. This is in accordance with the third remark in the
previous noted remark list.

[0139] The delay used in the two dedicated transition
detector circuits 720a, 7205 is sufficient for the shift register
to adequately perform shift operations. The combination of
these delays and the combining logic gate 730 create typi-
cally more than a two gate propagation time delay between
the arrival of a square wave transition at the shift register
input and the subsequent arrival of the clock pulse. This
allows for a clean clocked capture operation at the shift
register inputs 750a, 750b. The result is an event-driven
symbol sequence whose most recent three symbols in the
sequence are available for subsequent pattern detection. The
instantaneous square waves, or their equivalents, together
with their values at one and two clock pulses in the past, are
presented to a pattern detection circuit 760. The pattern
detection circuit may include at least combinational logic
(and perhaps state-retained logic comprising elements such
as flip-flops, additional shift registers, etc.), resulting in one
or more outputs 770a-770n derived from pattern detection
operations.

[0140] FIGS. 8a-84 show an exemplary demonstration
circuit based on the principles described so far, and may be
constructed from standard low-level logic TTL and CMOS
chip families. Additional design transformations and con-
siderations have been included regarding the opportune use
of spare gates available in multiple-gate chip packages,
adequate clock time needed for operation of the co-clocked
pair of shift-registers, and the like. Alternatively, ASIC/PAL
cells may be employed.

[0141] InFIG. 8a, each input 801a-8015 is buffered using
buffers 8054 and 8055, respectively, to produce a well-
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defined internal signal which is then directed to transition
detectors 810a and 8104, respectively, of the style depicted
in FIG. 6a. This arrangement is similar to that of FIG. 6f,
but instead utilizes spare Exclusive-OR gates 8154 and
8155, respectively, as delay elements 620 (FIG. 6a) rather
than the AND gate 670 (FIG. 6/).

[0142] The transition detections are directed to a logic OR
operation 820 which after inversion 825 is suitable to clock
a pair of 74195-series (TTL or CMOS) shift registers 830a,
8305. One shift register 830q is configured to store the past
two values (with respect to symbol event changes) of input
A 801a, while the other shift register 8305 is configured to
store the past two values (with respect to symbol event
changes) of input B 8015. The current values of inputs A
801a and B 8015, respectively notated A, 840a and B, 8405,
as well as their most recent earlier value, respectively
notated A_, 845a and B_, 845b, as well as their next
previous earlier value, respectively notated A_, 850a and
B, 8505, provide signals applicable to determining the
presence and type of symmetry event that may be present at
any given instant.

[0143] These six signals 840a-840b, 845a-845h, and
8504a-8505 are directed to the exemplary circuit of FIG. 85.
Here, for the sake of simplicity in discrete logic chip
realization, symmetry-events are detected by a magnitude
comparator, and full-range primitive pattern detection is
performed by selected outputs of a de-multiplexer chip 855
(many alternative arrangements are also possible as is clear
to one skilled in the at of basic logic circuit design). Also for
the sake of simplicity in discrete logic chip realization,
otherwise needed logic gates have subsequently been saved
by employing the “a>b” and “b<a” outputs of the magnitude
comparator “NOR-ed” together by the negative-logic enable
pins of the de-multiplexer 855 to equivalently perform the
simple operation of enabling the de-multiplexer on detection
of a symmetry event. Many other arrangements are also
possible, as is clear to one skilled in the art of basic logic
circuit design.

[0144] Further as to FIG. 85, the sixteen outputs of the
4-bit 74154 series (TTL or CMOS) de-multiplexer identify
the four “A faster than B”8654-8654 and four “B faster than
A”860a-860d conditions. The remaining eight outputs cor-
responding to forbidden combinations are therefore not used
here. Logic operations, such as OR-ing of the four “A faster
than B” conditions to create a single “A faster than B”
output, OR-ing of the four “B faster than A” conditions to
create a single “B faster than A” output, and the like, can be
performed. Of these, some of the eight viable symmetry
event conditions can be omitted in trade-offs of circuit
complexity and speed versus system performance require-
ments. In appropriate contexts, the inversion of the symme-
try event detection signal may be interpreted and used as
indication of “No Symmetry Event” conditions (alterna-
tively interpreted as “Ambiguity” conditions), as may logi-
cal operations on derived “A faster than B” and “B faster
than A” indications.

[0145] FIG. 8¢ illustrates an adaptation of the circuit of
FIG. 8b featuring the addition of a number of status-
indication LEDs and symbol-indication 7-segment displays
to enhance the study and more explicitly demonstrate opera-
tional principles of various embodiments disclosed herein.
The status-indication LEDs provided here include individual
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notice of the eight symmetry events {W,,, W,, W,,,W 3,
W0, Was, Wyp, Wi,k as well as indication of “No Sym-
metry Event” conditions (alternatively, “Ambiguity” condi-
tions).

[0146] The various signals produced by the exemplary
circuits of FIGS. 856 or 8¢, or their equivalents, may be
further processed to obtain more general or other derived
information. For example, all four symmetry event detection
output signals associated with the “A faster than B” condi-
tion {W,, W5, W,,, W5, } may be directed to a logical OR
operation to create a general overall indication of “A faster
than B,” and similarly all four symmetry event detection
output signals associated with the “B faster than A”
condition{W,, W, o, W5, W, } may be directed to a logical
OR operation to create a general overall indication of “B
faster than A.” As another example, SR latches or other
storage methods may be used to retain results until a
subsequent symmetry event detection.

[0147] As another example, logical operations may be
performed on the three indications of “Ambiguity,” A faster
than B” and “B faster than A” indications to derive an “A and
B same frequency within resolution” indication. FIG. 84
shows an exemplary circuit incorporating these examples
and a few additional features. SR latches are used to retain
the last known outcome as to which frequency was faster.
The circuit provides a DPDT switch, selectively allowing
the SR latches to be reset whenever there is an “Ambiguity”
(No Symmetry Event”) condition, or allowing the SR
latches to ignore that situation and retain the last value.
Numerous other approaches and derived signals may be
realized as is clear to one skilled in the art (and demonstrated
later in conjunction with FIG. 26). One skilled in the art will
recognize that the full functionality of a magnitude com-
parator is not needed to detect the symmetry events. For
example, the circuit of FIG. 9 could also be used.

Transition-Based Embodiments

[0148] Next, exemplary transition-based approaches for
the invention are considered. These effectively set states of
a plurality of latching flip-flops responsive to the rising and
falling edges of the two square waves, and apply combina-
tional logic operations to the resulting state values.

[0149] As an orienting note, transition-based implemen-
tations effectively set the state of a plurality of flip-flops with
the rising and falling edges of signals and invoke combina-
tional logic operations. The implementation circuits for the
invention may at first appear at a high level to somewhat
resemble some types of edge-triggered frequency compara-
tor circuits known in the art. However, these implementa-
tions are completely different in principle, structure, and
operation. Derived from the novelties of the invention, the
signal flow is entirely feed-forward (i.e., no stored-state
feedback) and requires no quadrature signal inputs. These
properties alone make the implementations to follow
entirely different from edge-triggered frequency comparator
circuits known in the art.

[0150] A transition-based implementation may identify
eight symmetry event conditions separately, as was done in
the state-oriented implementation, or in related groupings
(“equivalence-classes™). In state-oriented implementations,
equivalence-classes are naturally implemented using don’t
care” conditions across the grouping of states (utilizing the
common practice of Karnaugh maps). Such detailed states
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need not be kept in transition-based implementations; it is
possible to realize “don’t care” structures across time, i.e.,
detecting classes of grossly similar phenomena independent
of the fine-structure in the temporal ordering of events.
However, this must be done carefully to avoid the situation
depicted in FIG. 25, for example.

[0151] To illustrate this concern, FIG. 10 illustrates a
problematic approach (one that ignores the third remark
cited earlier). In this example, the rising and falling transi-
tions of each square wave are used to trigger sampling of the
value of the other square wave at that instant (10104-10104).
The resulting data appears at first readily useful, but fails to
be definitive. Referring to FIG. 24, the approach of FIG. 10
will give the same results when square wave B 252 is
compared to relatively lower-frequency square wave A, 251
or relatively higher-frequency square wave A, 253.

[0152] The key condition in the sequence of transitions
that must be captured is:

[0153] the slower square wave must malice a transition
(either up or down);

[0154] the faster square wave must make at least the
next two transitions (either up then down or down then
up);

[0155] and only then may the slower square wave
malice its transition.

Data capture and pattern detection thus operate in a
manner not unlike that of a combination lock that
recognizes combination codes. As an additional cau-
tion, this approach to a transition-based implementation
employs the use of both rising and falling edges of the
square waves. Thus the circuit involves the co-presence
of inversions and non-inversions of the same signal.
The generation and handling of these co-present inver-
sions and non-inversions of the same signal require
care to prevent unnecessary limitations due to race
conditions.

[0156] FIG. 1la illustrates a first step in an exemplary
abstract logic circuit realization of a transition-based imple-
mentation responsive to both rising and falling edges of the
symmetric square wave signals A 1101a and B 11015, and
taking the above concerns into consideration. Here, four SR
(“set-reset”) flip-flop latches 1103a-1103d4 are driven by
transients of inverted and non-inverted versions of binary
waveforms A 1101a¢ and B 11015. The notation Q(S,R)
denotes the state of the latch output as a function of S and
R:

TABLE 4
S R Q(S, R)
0 0 Previous value of Q
1 0 1
0 1 0
1 1 1 (pseudo-stable)

[0157] Thus the configuration depicted in FIG. 11a causes
the four SR latches to behave as follows:

[0158] The first latch output Q, is:

[0159]
0;

set to 1 when A makes a transition from 1 to
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[0160] set to O when B makes a transition from 1 to
0;
[0161] The second latch output Q, is:
[0162] setto 1 when A makes a transition from 0 to
L
[0163] set to O when B makes a transition from 1 to
0;
[0164] The third latch output Qj is:
[0165] setto 1 when A makes a transition from 1 to
0;
[0166] set to O when B makes a transition from 0 to
L
[0167] The fourth latch output Q, is:
[0168] setto 1 when A makes a transition from 0 to
L
[0169] set to O when B makes a transition from 0 to
ls

[0170] The status of these latches 1103a-1103d can thus be
used to keep track of the relevant most recent sequential
status of the rising and falling (up and down transitions) of
each of the input waveforms. There are at least two high-
level approaches to employing subsequent combinational
logic to determine the occurrence of enveloping events
relevant to frequency comparison in accordance with
embodiments of the invention:

[0171] Trapping the two conditions (a) and (b) where
one waveform makes both an up transition and a down
transition during an interval of time when the other
waveform undergoes

[0172] (a) no up transition
[0173] (b) no down transition

[0174] and taking the logical “OR” of these (as either
condition (a) or (b) can indicate which input waveform is at
the higher frequency);

[0175] Trapping the conditions (c) and (d) where one
input waveform undergoes:

[0176] (c) an up transition
[0177] (d) an down transition

[0178] during an interval of time when the other waveform
does not undergo either, transition and taking the logical
“AND?” of these (as both conditions (c) and (d) are required
to determine which input waveform is at the higher fre-
quency). The exemplary embodiment of FIGS. 11a-11f,
described below, implements the latter approach.

[0179] If A 1101e a makes no transition up nor down
transition in an interval where B 11015 makes an up tran-
sition 1110a, then outputs Q; 1105a and Q, 11055 are both
set to 1, and remain in that condition until B 11014 either
makes a down transition (which then causes Q, 1105a to
reset to 0) or makes an up transition (which then causes Q,
11055 to reset to 0). Referring to cases 275a-276d of FIG.
2¢, these are two of the partial conditions in which the
symmetric square oscillation of B 2705 must be faster than
the symmetric square oscillation of A 270a. An AND opera-
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tion 1107a acting on outputs Q, 1105¢ and Q, 11055
produces a logical 1 under these first two “B faster than A”
cases.

[0180] Similarly, if A 1101a makes no up nor down
transition in an interval where B 11015 makes a down
transition, then outputs Q; 1105¢ and Q, 11054 are both set
to 1, and remain in that condition until A 1101« either makes
a down transition (which then causes Q; 1105c¢ to reset to 0)
or makes an up transition (which then causes Q, 11054 to
reset to 0). Referring to cases 275a-275d of FIG. 2¢, these
are remaining two partial conditions in which the symmetric
square oscillation of B 27056 must be faster than the sym-
metric square oscillation of A 270a. An AND operation
11075 acting on outputs Q5 1105¢ and Q, 11054 produces a
logical 1 under these second two “B faster than A” cases.

[0181] A subsequent AND operation 1108 acting on pre-
vious AND outputs 1110a and 11105, captures the condition
where signal B makes both an up and a down transition
during an interval with no transition of either type by signal
A. This situation corresponds to the four “A faster than B”
cases 275a-275d depicted in FIG. 2¢. When this condition
is met, the AND operation 1108 ultimately produces a
logical 1 if A 1101aq is faster than B 11015 (at least where A
101a and B 11015 are symmetric square waves). Although
not pursued here, it is noted that the three two-input AND
operations 1107a, 11075, 1108 may be combined into a
single four-input AND operation, which can be used to
reduce chip count if implemented using standard small-scale
logic ICs.

[0182] By replicating the arrangement of FIG. 11a with
the roles of A 1101a and B 11015 reversed, one obtains the
arrangement of FIG. 115, which ultimately produces a
logical 1 if A 1115aq is faster than B 11155, where A 11154
and B 11156 are symmetric square waves.

[0183] Even though the configurations of FIG. 11a and
115 use different latch driving arrangements, they are very
similar. In fact, either may be converted to use the same latch
driving arrangement as the other, allowing the two circuits
to be readily merged into a form sharing the same four SR
latches. This will be illustrated by converting the latch
driving arrangement of FIG. 115 into the latch driving
arrangement of FIG. 11a. Because of the symmetry of the
SR latch, one has the inversion relation:

QS R)=QR,S) (Eq. 6)

Applying this to the values produced by the outputs of each
of the four SR latches 11174¢-1117d in FIG. 115 yields the
equivalent latch outputs 11354-1135d depicted in FIG. 11c.
However, these complemented latch outputs are in fact
readily provided by an SR latch (as known to those skilled
in the art and later seen in FIG. 12a) as the Q output, thus
immediately yielding the configuration of FIG. 11d.

[0184] Reversing inputs A 11554 and B 11555 of FIG. 114
now only causes the need to swap outputs of the second
11575 and third 1157 ¢ latches, resulting in the configuration
shown in FIG. 11e. Comparing FIG. 11e with 11a reveals
the same latch driving arrangement, readily enabling the
combined circuit of FIG. 11f.

[0185] FIG. 12a shows a reference circuit realization of
the arrangement of FIG. 11f, and utilizes standard TTL/
CMOS series integrated circuits. The pulse transition edges
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of applied signals A 1200a and B 12005 are isolated by, for
example, 0.01 uf capacitors 1205a, 1207q, 12055, 12075
driven by buffer and inverter circuits comprised of inverter
elements 1209a, 1211a, 1213a, 12095, 12115, 12135. This
transition-driven pulse generation arrangement is a simpli-
fied alternative to the circuits of FIGS. 6a-6g, but has
frequency-range limitations and can readily be replaced by
circuits employing the techniques depicted in FIGS. 6a-6g.

[0186] These four transition-driven pulse signals (W
12164, X 12165, Y 1216¢, Z 1216d) are applied to inverted-
input RS-latches 12204-12204 formed from pairs of NAND
gates. The inverted property of the latch inputs, together
with the choice of capacitively coupled signals, are aligned
to match the latch-driving arrangements of FIG. 111

[0187] The four (NAND gate, inverted-input) RS latches
12204-1220d provide both original and inverted versions of
latch state output simultaneously, and these output signals
are directed (in positive-valued logic) to four additional
NAND gates 1225q-1225d. These latter four NAND gates
12254-1225d produce (in inverted-valued logic) signals
corresponding to the Q,*&Q,*1190a, Q,*&Q,*11905,
Q,%&Q,P1190c, Q,P&Q,P1190d signals of FIGS. 11e and
11f: The inverted values of these logic signals is in keeping
with inverted-value conventions of TTL/CMOS families of
logic chips, should these signals be used for other purposes,
and are also convenient for direct driving of indicator LEDs.
These inverted-value logic signals are then applied to two
OR gates 12304-12305, which by DeMorgan’s law act as
NAND gates on positive-valued logic signals.

[0188] This gives inverted indications of ““A faster than B”
and “B faster than A,” the inverted-value signals are in
keeping with inverted-value conventions of TTL/CMOS
families of logic chips, and convenient for direct driving of
indicator LEDs. When actual square waves are applied, the
indications of “A faster than B” and “B faster than A” are
constantly being reset when the slower waveform finally
makes its transition. Thus by applying the inverted “A faster
than B and “B faster than A signals to another NAND gate
inverted-input RS latch 1235, the last indication of which of
input signals A 12004 and B 12005 had the higher frequency
can be stored until that condition changes.

[0189] Further, when no condition indicating that one or
the other of input signals A 1200a and B 12006 had the
higher frequency is currently active, there is no new con-
clusive information as to which of input signals A 1220a and
B 12205 had the higher frequency. Under these circum-
stances, both of the outputs of the inverted “A faster than B”
and “B faster than A” signals are high, so when they are
applied to an additional NAND gate 1240q signal indicating
“No New Information Available” is produced, again in
inverted-value form and thus in keeping with inverted-value
conventions of TTL/CMOS families of logic chips, and
convenient for direct driving of an indicator LED.

[0190] FIG. 126 and 12¢ show an LED demonstration
adaptation of the reference circuit realization of FIG. 12a.
Here a number of LEDs are added to indicate the various
logic levels of the signal flow, demonstrating operation. As
indicated in the above discussion, the inverted-value signal
conventions may be used for directly driving indicator LEDs
tied to the power supply and fitted with an appropriate
current limiting resistor (for example 330 ohms for 5-volt
TTL logic). Green LEDs, for example, may be employed to
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represent states of affairs relating to input signal A 1250aq
being faster than input signal B 12505, and red LEDs may
be employed to represent states of affairs relating to input
signal B 12505 being faster than input signal A 1250a.

[0191] Using this convention, commonly available polar-
ity-reversal bi-color LEDs 12604-1260d (green for one
current direction, red for the opposite current direction) may
be attached, as shown across the complementary-valued
outputs of the four NAND gate inverted-input RS latches
12554-1255d; these, too, light as green for states of affairs
relating to input signal A 1250a being faster than input signal
B 12506, and light as red for states of affairs relating to input
signal B 12505 being faster than input signal A 1250a. As
shown in FIG. 125, individual single color LEDs 1265a-
1265/ may be added to redundantly indicate the status of
individual flip-flop outputs from the view point of favorable
conditions relating to the red and green convention. The
signals produced by the four NAND gates of U2 are passed
to FIG. 12¢ where additional LEDs 12704-1270d indicate
the status of individual flip-flop outputs from the view point
of favorable conditions relating to the red and green con-
vention. The indication of which signal is deemed as being
currently faster may be displayed with an additional pair of
LEDs 12754, 12756 which also be color coded according to
the color convention. As these light only at isolated
moments, an additional LED 1280, for example yellow, may
be used to indicate “No New Information Available” status.
The additional latch circuit may be used to drive red and
green LEDs 1290a, 12905 to indicate the last known relative
speed determination, in which case the (yellow) LED 1280
may be interpreted as a cautionary “No New Information
Available” warning condition to caveat the displayed latched
relative speed indication.

[0192] The various LED indications introduced in FIGS.
125 and 12c¢ readily verity details of the design theory when
inputs A 1250q and B 12505 are driven with signals from a
(electromechanically-debounced) pushbutton. When driven
with low-frequency symmetric square wave oscillators, the
LED indications visually demonstrate the patterns resulting
from the various relative square wave conditions that lead to
the frequency comparator output determination.

[0193] When driven with signals from (electromechani-
cally-debounced) pushbuttons, the circuit plainly demon-
strates another application: it provides an indication as to
which of two buttons or switches was last cycled between on
and off with no change in the status of the other button or
switch. This observation provides further motivation for a
chip implementation of at least the transition-based embodi-
ment of the invention as it can be used not only as a
frequency comparator but also in user-interface, sequence-
auditing, and other industrial applications.

Signal Source for Demonstration of Symbol-Based and
Transition-Based Embodiments

[0194] FIG. 13 shows a demonstration signal source pro-
viding pushbutton actuation and variable frequency low-
frequency oscillators with controllable symmetry useful in
exercising the configurations of FIG. 126 and FIGS. 8a-8c,
for example. This exemplary demonstration signal source
1300 comprises two nearly identical independent versions
13104 and 13104 of the same circuit; the only exception is
switch 1320 that allows for pulse widths to be set and
adjusted separately (in which case the two circuits 1310a
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and 13105 indeed are fully identical and independent) or set
with a common pulse width adjustment control, Each nearly
identical circuits 1310a, 13105 comprises an adjustable
low-frequency oscillator, internally comprising an integrator
and a comparator in a positive feedback loop.

[0195] The comparator output is a binary-valued periodic
waveform very closely resembling (if not matching) that of
a symmetric square wave, while the integrator output is a
continuous-valued periodic waveform very closely resem-
bling (if not matching) that of a symmetric triangle-wave.
Such a low-frequency oscillator is well known in the art of
analog music synthesizers. The comparator compares the
integrator triangle wave output to a fixed reference voltage
set to a value that is half that of the amplitude of the triangle
wave.

[0196] Circuit 1300 of FIG. 13 provides this reference
voltage by buffering the output of a trimpot that may be
adjusted for maximal symmetry of the overall output (or for
precise duty-cycle matching when the two halves 13104 and
13105 of circuit 1300 share the same pulse-width adjustment
control, to be described next). The output of the comparator
is variably attenuated by a logarithmic potentiometer panel
control arrangement to provide variable frequency control. A
small resistor (here 10 ohms) between the logarithmic
potentiometer panel control and the buffered reference volt-
age sets the lower limit of the frequency range possible with
the other components and configuration involved.

[0197] The triangle wave is additionally directed to a
second comparator that compares the integrator triangle
wave output to a freely adjustable voltage set by a linear
potentiometer panel control. This allows variation in the
asymmetry duty-cycle of the resultant pulse waveform, as is
well known in the art of analog music synthesizers, motor
control, and communications. Switch 1320 allows, as
described earlier, pulse widths of the two oscillators to be
adjusted separately with individual panel controls (“INDE-
PENDENT1322) or together (“GROUP”1324), sharing the
pulse width adjustment panel control 1326 for oscillator B.

[0198] Switches 1330a, 13305 are provided for each oscil-
lator to permit selection of a nearly-symmetric square wave
or a controllably asymmetric pulse waveform. The results
are individually passed to respective toggle flip-flops 13354,
13355 that restore symmetry under all conditions while also
dividing the frequency by a factor of 2. Additional switches
13404, 13405 are individually provided to each oscillator so
as to permit selection of the undivided (“ORIGINAL”)
waveform or the symmetric frequency-divided
(“DIVIDED”) version. The resulting signal selections are
then passed to yet another pair of switches 1345a, 13455,
which are provided to each channel so as to permit selection
of'the selected oscillator signal or a binary signal responsive
to the position of a debounced pushbutton.

[0199] The pushbuttons are debounced using RS latches
13504-13505 as is well known in the art of digital user
interface design. The resulting choices is then passed to
inverters 1355a, 1355b, and additional switches 1360a,
13605 are provided for each channel, These additional
switches 1360a, 13605 are configured to select between the
original (“NORMAL”) and inverted (“INVERT”) version of
the respective signals created thus far.

[0200] At this point the signals are directed to one or more
additional buffering stages for driving external circuitry.






























