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THROUGH-ZERO PULSE-WIDTH
MODULATION PROCESS WITH
PERIOD-AVERAGE-ZERO

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/144,480, now U.S. Pat. No. 7,830,219, filed
on Jun. 23, 2008, and pursuant to 35 U.S.C. §119(e), which
claims benefit of priority from provisional patent application
Ser. No. 60/937,022, filed Jun. 24, 2007 and Ser. No. 60/964,
468 filed Aug. 11, 2007, the contents of each are hereby
incorporated by reference herein in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to signal processing
and waveform generation and in particular to attributes and
generation of pulse-width modulation waveforms.

2. Background of the Invention

Pulse-width modulation (PWM) of a temporal signal
waveform of fixed amplitude finds wide use in many appli-
cations including motor control, communication systems,
music synthesizers, power supplies, class-D and digital
amplifiers, to name a few. The Fourier series expansion of
each period of a pulse width modulated waveform typically
includes an otherwise non-sinusoidal additive term that is a
function of the pulse width in that period. As the pulse width
is varied, this additive term varies, which can be problematic
in many applications.

SUMMARY OF THE INVENTION

Features and advantages of the invention will be set forth in
the description which follows, and in part will be apparent
from the description, or may be learned by practice of the
invention. The objectives and other advantages of the inven-
tion will be realized and attained by the structure particularly
pointed out in the written description and claims hereof as
well as the appended drawings.

A pulse waveform having a zero d.c. term in each period of
aperiodic reference signal is generated. A pulse width control
signal varies linearly over at least one portion of the reference
signal. The reference signal is compared with the pulse width
control value to produce a first pulse waveform. A function of
the control signal is subtracted from the first pulse waveform
to produce a second pulse waveform, and this second pulse
waveform is provided as an output signal. This output signal
has a through-zero pulse-width average value over the refer-
ence signal period of zero.

The function of the control signal is a linear function, and
affine function, or an inverse trigonometric function. The
function of the control signal is subtracted from the reference
signal using either an analog or a digital circuit.

These and other embodiments will also become readily
apparent to those skilled in the art from the following detailed
description of the embodiments having reference to the
attached figures, the invention not being limited to any par-
ticular embodiment disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
the present invention will become more apparent upon con-
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sideration of the following description of preferred embodi-
ments, taken in conjunction with the accompanying drawing
figures.

FIGS. 1a through 1d depict various types of exemplary
simple single-pulse periodic waveforms, each comprising
various pulse width attributes applicable to modulation.

FIGS. 2a through 2¢ depict exemplary realizations and
effects of capacitive coupling on pulse waveforms. The
depicted effects become more pronounced at lower waveform
frequencies and less pronounced at higher waveform frequen-
cies.

FIGS. 3a through 3¢ depict various types of exemplary
double-pulse periodic waveforms, each comprising various
pulse width attributes applicable to modulation. The positive/
negative amplitude symmetry of these waveforms naturally
gives rise to a zero d.c. term during each period.

FIGS. 4a and 45 depict various types of exemplary elec-
tronic circuit realizations of circuits for creating pulse width
modulated waveform from a provided suitably-varying peri-
odic waveform and provided control signal wherein the con-
trol signal amplitude controls the pulse width of the resultant
output waveform.

FIGS. 5a and 54 depicts an exemplary implementation
employing the notation typically employed for analog volt-
age switching elements such as those realized by the CD4016,
CD4066, and many other analog switching integrated cir-
cuits.

FIG. 6 depicts exemplary generation of a pulse waveform
from circuits such as those of FIGS. 4a-4b and FIGS. 54-5b
and equivalent circuits, algorithms, or processes wherein the
provided suitably-varying periodic waveform is a periodic
ascending ramp waveform.

FIG. 7 depicts exemplary generation of a pulse waveform
from circuits such as those of FIGS. 4a-4b and FIGS. 54-5b
and equivalent circuits, algorithms, or processes wherein the
provided suitably-varying periodic waveform is a periodic
descending ramp waveform.

FIG. 8 depicts exemplary generation of a pulse waveform
from circuits such as those of FIGS. 4a-4b and FIGS. 54-5b
and equivalent circuits, algorithms, or processes wherein the
provided suitably-varying periodic waveform is a periodic
triangle waveform.

FIG. 9 depicts exemplary generation of a pulse waveform
from circuits such as those of FIGS. 4a-4b and FIGS. 54-5b
and equivalent circuits, algorithms, or processes wherein the
provided suitably-varying periodic waveform is a periodic
sinusoidal waveform.

FIG. 10a depicts how an exemplary threshold or compara-
tor function, such as that realized by circuits such as those of
FIGS. 4a and 45 or equivalent circuits, algorithms, or pro-
cesses, produce exemplary pulses of various widths respon-
sive to various provided control signal amplitudes that are
subjected to the effects of subtracting the average of each
respective resultant waveform from itself.

FIG. 105 depicts exemplary period-by-period cases such as
those shown in FIG. 10a in succession, thus rendering an
exemplary pulse width modulation process wherein each
period has zero d.c. term.

FIG. 10c¢ depicts various exemplary transformations
between a pulse waveform of arbitrary minimum and maxi-
mum, a zero-centered version resulting from subtracting the
average of the minimum and maximum vales, and a zero d.c.
term version resulting from subtracting the average of the
waveform over the entire period.

FIG. 104 depicts an exemplary left-anchored pulse wave-
form with zero d.c. term of unit amplitude. The pulse width is
determined by the value of the control signal value c.
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FIG. 10e shows the affairs depicted in FIG. 10d scaled by
an exemplary positive constant A.

FIG. 10f shows an exemplary rendering of FIG. 10e
expressed in terms of pulse width duty cycle d.

FIG. 11g depicts an exemplary implementation of a zero
d.c. term pulse width generation arrangement as provided for
by an embodiment of the invention.

FIGS. 11a through 11c¢ depict various exemplary imple-
mentations of a zero d.c. term pulse width generation arrange-
ments comprising affine transformations as provided for by
another embodiment of the invention.

FIGS. 114 through 11f depict various exemplary imple-
mentations of the exemplary arrangements of FIGS. 11a
through 11¢ adapted for use with periodic sine waves as
provided for by some embodiments of the invention.

FIG. 12 depicts an exemplary circuit realization as pro-
vided for by embodiments of the invention.

FIGS. 134 and 135 depicts other exemplary circuit realiza-
tion as provided for by further embodiments of the invention.

FIG. 14 depicts an exemplary implementation of a three-
channel output system simultaneously providing a zero d.c.
component version of the three pulse width modulation sig-
nals of FIGS. 1a through 1c.

FIG. 154 depicts exemplary undesired effects resulting
from rapidly changing reference signals.

FIG. 155 depicts an exemplary method of addressing the
situations associated with FIG. 154 by introducing a sample-
and-hold operation that samples at the beginning of each
period.

FIGS. 16a through 16/ depict various exemplary algorith-
mic embodiments and realizations as provided for by some
embodiments of the invention.

FIG. 17 depicts how a pulse generated from an exemplary
reference ramp waveform by a comparator or equivalent
operation, when subtracted from that reference ramp wave-
form, results in a phase shifted version of the reference ramp
waveform.

FIG. 18 depicts an exemplary demonstration of “through-
zero” pulse width modulation by illustrating exemplary steps
in the evolution of a zero d.c. term pulse width modulated
waveform beginning with a case with a negative 95% pulse
width through 0% pulse width to a positive 95% pulse width
and then on to 100% pulse width.

FIGS. 19a and 1956 depicts how “through-zero” pulse
width modulation can be obtained from the difference of two
versions of an exemplary ramp waveform which differ by a
phase shift. FIG. 19¢ depicts an exemplary time-shifted ramp
waveform with discontinuity at the center of the period rather
than at the edges of the period.

FIGS. 204 through 20e depict “through-zero” pulse width
modulation obtained from the difference of two versions ofan
exemplary ramp waveform which differ by selected phase
shifts.

FIGS. 214 through 21e depict amplitude modulated sinu-
soidal waveforms obtained from the difference of two ver-
sions of an exemplary sinusoidal waveform which differ by
the same selected phase shifts as used in FIGS. 20a through
20e. Comparison of FIGS. 20a through 20e and FIGS. 21a
through 21e can be used to show analogies between “through-
zero” pulse width modulation resulting from the subtraction
of two ramp waveforms of slightly different frequencies and
“beat frequency” processes resulting from the subtraction of
two sinusoidal waveforms of slightly different frequencies.

FIGS. 22a-22¢ depict pairs of sine waves relationship simi-
lar to that of FIGS. 21a-21e and the eftects of adding the sine
wave to demonstrate additive beat frequency phenomena.
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FIGS. 23a through 2¢ depict relationships between sym-
metry modulated triangle waves and corresponding zero d.c.
term pulse waveforms for various pulse widths. The symme-
try modulated triangle waves and corresponding zero d.c.
term pulse waveforms are related by time integrals and time
derivatives.

FIG. 24 depicts a general pulse waveform with zero d.c.
term as provided for by embodiments of the invention.

FIG. 25 depicts the time-integral of the waveform of FIG.
24.

FIG. 26 depicts the behavior of the quadratic term p(1-p)
which is the pulse width related factor in the amplitude of the
waveform of FIG. 25. This term has a maximum value of 4
attained when p=% (i.e., at 50% duty cycle).

FIG. 27 shows how if an exemplary asymmetric triangle
waveform has an amplitude of B, it is amplitude-centered
around zero with extremal values of

FIG. 28 shows the relationships between zero-centered
asymmetric pulse waveforms and period-average-zero vari-
able duty cycle periodic pulse waveforms via time-differen-
tiation and time-integration.

FIG. 29 depicts an exemplary zero-centered asymmetry-
modulated triangle waveform process cycle similar to that
provided in FIG. 18.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

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 ofthe
present invention. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the
same or similar parts.

FIGS. 1la-1c illustrate three exemplary types of fixed
amplitude pulse waveforms of a fixed frequency as com-
monly used in industry, design, and theory in conjunction
with pulse width modulation. Many other variations are pos-
sible as is clear to one skilled in the art (e.g., negative-going,
different temporal centering, different amplitude centering,
etc.).

FIG. 1a shows one period of temporal duration T 101.1 for
a variable-width pulse P, (t) with a (left-anchored) rising edge
ata fixed point at the temporal beginning (0) of the period and
falling edge of variable location at a later point (t 101.2) in the
periodic interval (length T). In general the amplitude A 101.3
of'such a pulse may take on any positive value. One common
canonical form is, with A=1, which typically includes a need
for detail accounting of the variable location point T, so it will
be useful to define Pulsel. (t) as P, (t) with A=1. The ratio of
the temporal duration of non-zero value, ©/T, is called the duty
cycle, denoted here for the left-anchored pulse as d, and given
as a percentage:

d,=t/T 100%

For P, (t) with amplitude A, the long-term time-average
value of the waveform is thus At/T and the long-term time-
average value of (unit amplitude) Pulsel(t) is t/T. Thus for a
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given pulse width, this long-term time-average value varies
proportional to the pulse width. Thus as the pulse width is
varied, the short-term time-average value, or more precisely
the average value of the waveform over a complete period,
varies proportionally to the pulse width, here proportionally
with the value of T.

FIG. 15 shows one period of temporal duration T 102.1 for
a variable-width pulse P,(t) with a (right-anchored) rising
edge a rising edge of variable location at some point past the
beginning of the periodic interval (t 102.2) and falling edge at
a fixed point at the end of the periodic interval (length T). In
general the amplitude A 102.3 may take on any positive value.
Inamanner similar to that above, PulseR (t) will be defined as
P, (t) with amplitude 1. The ratio of the temporal duration of
non-zero value, ©/T, is called the duty cycle, denoted here for
the right-anchored pulse as d; and given as a percentage:

dg=(T-0)/T 100%

If the amplitude of such a pulse is A, the long-term time-
average value of Px(t) is A(T—t)/T. Thus, the long-term time-
average value of (unit amplitude) PulseR (1) is (T-t)/T.
Hence for a given pulse width, this long-term time-average
value varies proportionally to the pulse width. Thus as the
pulse width is varied, the short-term time-average value, or
more precisely the average value of the waveform over a
complete period, varies proportional to the pulse width, here
proportionally with the value of (T—r).

Note that the sum of these two periodic waveforms Pulsel,
(t)+PulseR (1), if both are of the same amplitude and have
equal values of T, is effectively a constant. Formally the
discontinuities at the period boundaries . . ., 0, T, 27T, 3T, . . .
and at. .., T, t+T, t+2T, ©+3T, . . . cancel one another when
added in this way. Thus either of these pulse waveforms may
be created from the other; for example if both have unit
amplitude:

Pulsel .(r)=1-PulseR (¢)

PulseR (7)=1-PulseL ()

FIG. 1¢ shows one period of temporal duration T 103.1 for
a variable-width pulse P_(t) with a (center-anchored) rising
edge at a variable location point, (T—t)/2 103.2, occurring
after the beginning of the period but before the center of the
periodic interval, and a falling edge at the symmetrically
variable location, (T—t)/2103.3, ata later point in the periodic
interval. In general the amplitude A may take on any positive
value. This is often set to 1, so PulseL (t) will be defined as
P (1) with amplitude 1. The ratio of the temporal duration of
non-zero value, ©/T, is called the duty cycle, denoted here for
the Center-anchored pulse as d; and given as a percentage:

d.=100% /T,

If the amplitude of such a pulse is A 103 .4, the long-term
time-average value of the waveform is At/T. Thus, the long-
term time-average value of (unit amplitude) PulseC_(t) is t/T.
Thus for a given pulse width, this long-term time-average
value varies proportional to the pulse width. Thus as the pulse
width is varied, the short-term time-average value, or more
precisely the average value of the waveform over a complete
period, varies proportional to the pulse width, here propor-
tionally with the value of t.

The average value of the waveform over a complete period
may also be viewed as the constant term of a Fourier series for
aperiodic waveform that repeats that periodic segment indefi-
nitely. The Fourier series for a given periodic waveform rep-
resents the waveform as a weighted sum of fixed sinusoids
(quadrature sine/cosine or phase-shifted) or complex expo-
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nentials, each of which whose frequencies are integer mul-
tiples of the frequency of the given periodic waveform. The
Fourier series for each of these can be calculated individually,
but also may be treated as special cases of the general pulse
wave pulse PulseG ., .,,(t) 104 depicted in FIG. 1d. In that
waveform, the parameter constraints 104.2, 104.3 are:

0=c =cyT.

The trigonometric Fourier series for this waveform is
obtained as follows, leveraging the fact that the waveform is
piecewise-constant periodically taking on a value of either
zero of A:

Zszd 2Ax
w=7), AT

2 (a2
an:—f Acos =
T
1
. (2nnx\ |[x=c2
2nnx 2A sm( T ) AT . (2nmcy . {2nmc
(-7 ==l =)

2 2A
= 7(02 —c1)

1

SINEY
Aol o)
o
S ) o)
o o) o )

Thus the Fourier series for the unit amplitude periodic left-
anchored pulse waveform depicted in FIG. 1a which has:

PulseGci,c2)(7) = % Z [ancos(
n=1

4=1,¢,0
and
=T

is given by:

Pulsel (1) =
Zn;r‘r )cos( ZTW] + (1 - cos( Zn;r‘r ]]sin( ZTW]]

Similarly, the series for the unit amplitude periodic right-
anchored pulse waveform depicted in FIG. 15 which has:

A=1l,c;=t

and

=T
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is given by:
PulseR (1) =
T-v 1K1 . (2087 2nnt 2nrtYY . (2nnt
- —Z —[sm( ]cos(—] + (1 —cos( ]]sm(—]]
T xlin T T T T

and the Fourier series for the unit amplitude periodic Center-
anchored pulse waveform depicted in FIG. 1¢ which has:

T+
7 A=y

is given by:

PulseC. T 21 1n‘n7r‘r 2nrt
ulseCr(1) = 7~ ;; ;[(— ) Sm(T)COS(TH

because of the following relationship:

)2 of 2T
e

snf 2220
— e+ ()] -sinfn— (2]

= (—1)n51n(7) - (—1)”sin(—n—;T)

= 2(—1)”sin(mTT)

S(Zmrcl ] _ (Zmrcz) _ cos[znTﬂ((T; r))] _
o T
= cosum— ()| - cosfm + (2]

= (—1)”005(%) - (—1)”005(— g)

= (—1)”(c08(g) ‘COS(n_;T))

For each set of value parameters, the associated pulse
waveform has a “constant” or “d.c.” term proportional to the
temporal amplitude, period, and width (or duty cycle) of the
pulse. Thus as the pulse width is varied, this “d.c.”” term itself
varies proportional to the non-zero width of the pulse. It is to
this “constant” or “d.c.” term that several embodiments of the
invention are addressed.

In many applications, the variation in the short-term time-
average value, average value of the waveform over a complete
period, and Fourier series d.c. term can be problematic, caus-
ing saturation of magnetic components (such as transformers,
inductors, and transducers), saturation of amplifier stages,
audio “pops” when signals are switched or gain is changed
rapidly in audio-frequency applications, undesired modula-
tion product components in arrangements when the PWM
waveform is modulated or used as. a modulating signal, etc.
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Reflecting this, various approaches have been used to
remove the d.c. term to create a “zero-centered” or “zero-
average” pulse waveform, and in particular when the pulse
width is time-varying. These approaches include capacitive
coupling, arrangements involving alternate positive-going
and negative-going pulses, and “D.C.-restore” techniques.

An arrangement for capacitive coupling is depicted in FIG.
2a. Although useful for some applications, this approach can
introduce a number of problems. For real-valued (pure-resis-
tive) loads, exponential transient rounding is imposed on the
corners as shown in FIGS. 26 and 2c, reflecting the well-
known exponential step-response of an RC circuit. In the
extreme case, where the frequency of the periodic pulse
waveform is such that the period is comparable to an effective
RC time-constant, the corner rounding distortion depicted in
FIG. 256 will result. If the frequency of the periodic pulse
waveform is considerably higher, this RC step-response cor-
ner rounding distortion can be diminished, but nonetheless
will remain present, introducing a contribution to perfor-
mance error in many situations.

The use of alternate positive-going and negative-going
pulses (also called “bipolar” and “alternate-mark” pulses) is
depicted in FIG. 3a-3c¢. In each of these, the areas of positive-
going and negative-going pulses comprised in one waveform
period are arranged to be equal. For example, in an exemplary
pulse width modulation system, one period of a waveform
comprises one positive-going pulse and one negative-going
pulse, each of equal amplitude and duration. The waveforms
of FIGS. 3a, 35, and 3¢ differ as to the centering and anchor-
ing of the positive and negative pulses. In this family of
examples, the period of length T 301 is divided into consecu-
tive two sub-periods each of length T/2 302.

FIG. 3a depicts an approach where the pulses in each
sub-period are anchored at the centers ofthe sub-periods (i.e.,
center-anchored at T/4 and 37T/4) and the pulse width sym-
metrically varies on each side of these centered-anchors. FI1G.
354 depicts an approach where the pulses in each sub-period
are anchored at the centers of the overall period (i.e., one
pulse right-anchored at T/2 and the other pulse left-anchored
at T/2) with the pulse widths are varied on only the non-
anchored sides. FIG. 3¢ depicts an approach where the pulses
in each sub-period are anchored at the centers of the overall
period (i.e., one pulse left-anchored at 0 and the other pulse
right-anchored at T) with the pulse widths are varied on only
the non-anchored sides. Other variations of this approach are
found in literature and practice as is familiar and/or clear to
one skilled in the art. Unlike capacitive coupling, this called
“bipolar”/“alternate-mark™ pulse waveform design has built
in to its very structure a zero average value over the period of
the waveform.

Although such pulse waveform design finds many appli-
cations in communications (for example in Manchester and
Alternate Mark Inversion digital stream encoding used in
T-carrier and ISDN loops) and some motor control situations,
it clearly may not be at all useful in many applications, espe-
cially where a binary waveform (i.e., pulse-waveform com-
prising only two values) is required.

In a “D.C.-restore” technique, rarely if ever employed, a
temporal averaging circuit may be used to measure the short-
term average value of a provided periodic pulse waveform or
pulse-width modulation waveform and subtract this mea-
sured average from the provided pulse waveform or pulse-
width modulation waveform. Although conceptually useful
for some applications, such as those involving synchroniza-
tion signals, this approach suffers from transient effects
induced on the d.c. term due to the transient response of
temporal averaging circuits. Thus, each of these methods for
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dealing with d.c terms in either static or time-varying pulse
widths could benefit from further improvement.
Overview

Embodiments of the present invention are directed towards
the forgoing and other applications resulting from novel
approaches. Some aspects of the invention are directed to the
creation of per-period binary-value “zero-dc” pulse wave-
forms that naturally have a zero average value over the period
of'the waveform. In many cases the width of the pulse can be
directly related to the d.c. term that pulse width would pro-
duce, allowing the direct synthesis of a value that can be
subtracted out.

Before describing the provided figures in detail, some addi-
tional discussion is provided regarding the generation of peri-
odic pulse and pulse-width modulation waveforms from a
source periodic waveform and a fixed or time-varying control
signal. A number of these approaches are currently not found
in conventional systems.

In a commonly used electronic circuit approach generation
of periodic pulse and pulse-width modulation waveforms
from a source periodic waveform, a comparator (in fact often
an op amp used as a comparator) is employed to compare a
source periodic waveform (such as a ramp, triangle, or sine
wave) with a fixed or time-varying control signal. The com-
parator function output is designed to saturate into one of two
extreme values. Such an arrangement obtained by the sim-
plest employment of an op amp is depicted in FIG. 4a. In a
simple exemplary arrangement involving a standard voltage-
input voltage-output opamp, 401.1 the extreme output values
(A,,,,401.4and A, 401.5), are “near,” for example, within
a few diode drops, of the power supply voltages (V,,,, 401.3
and 'V, 401.2, respectively) provided to the op amp.

Because of the high gain of the op amp, the op amp output
will typically saturate at a minimum value A, 401.4 when
the reference voltage applied to the inverting input of the op
amp exceeds the value of the voltage of the periodic wave-
form 401.6 applied to the non-inverting terminal of the op
amp. Similarly, the high gain of the op amp forces the op amp
output to saturate at a maximum value A, 401.5 when the
value of the voltage of the periodic waveform applied to the
non-inverting terminal of the op amp exceeds the reference
voltage 401.7 applied to the inverting input of the op amp. For
op amps with high enough voltage gain, voltage differences
where the op amp output is not saturated is quite limited and
rapid rise and fall times will result from all but the slowest
and/or smallest differences between the reference voltage
401.7 and voltage of the periodic waveform 401.6.

Similar types of arrangements and results may be obtained
for current-input voltage-output op amps (such as the LM339
Norton op amp), voltage-input current-output trans conduct-
ing op amps (such as the CA3080), and other such high-gain/
high-transconductance/high-transresistance amplifier struc-
tures. However, drawbacks exist with regard to this ‘raw op
amp comparator’ approach. Such high-gain amplifiers struc-
tures can latch-up, be slowed, or made asymmetric by para-
sitic capacitive and other effects. Slew rates of the op amp and
lower open-loop gain values can add appreciable slope to the
resultant pulse waveform transition edge. Variation in power
supply voltages and thermal drift can change the values of the
extreme (saturating) output voltage values, and the large
swings can create noise signals, waste electrical power, and
can add to the component count when attenuation or
improved waveform definition is required.

In other electronic comparator circuits, such as that embod-
ied in the well-known [LM311 comparator chip 402.1
depicted in FIG. 45, are further designed to allow one or both
of the output voltage extremes to be somewhat adjustable. In
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this approach the output structure has an open-collector style
output requiring a pull-up resistor 402.2 (or similar function
circuit).

Assuming the output is unloaded, this pull-up structure can
be used to directly set the A, value 402.3 of the output as
nearly the applied pull-up voltage (for a loaded-down output,
the pull-up structure still sets the A, ., value but more com-
plex voltage divider and/or current divider effects are
imposed). The LM311 comparator chip provides a separate
voltage input (pin 1) 402.4 for setting the lower voltage value
A, 4025 to a value nearly that of the voltage applied to that
pin. Other variations of this approach are found in literature,
products, and practice as is familiar and/or clear to one skilled
in the art. Additionally comparators may be realized numeri-
cally, for example using logical tests, in algorithms as will be
described.

In another approach, either of these, or other comparator
implementations, is used to control a complementary set of
switches, for example analog switches or switching transis-
tors. FIGS. 5a and 55 depicts an exemplary implementation
employing the notation typically employed for analog volt-
age switching elements such as those realized by the CD4016,
CD4066, and many other analog switching integrated cir-
cuits. Here the comparator output is not used directly as an
output signal but rather is used to turn on one analog switch
while turning off the other. The two switches may be con-
nected to two different voltages, currents, or other signals. In
one exemplary arrangement, S; 501.1 and S, 501.2 may be
connected to a voltage source providing voltage A ., 501.3
and S, may be connected to a voltage source providing volt-
age A, .. 501.4. The arrangement of FIG. 5a (and FIG. 556 to
be discussed shortly) is much more general, however. S;
501.1 and S, 501.2 may comprise electrical currents, or may
be periodic carrier signals, data signals, time-varying signals
with differing amplitudes or phase, etc. Additionally the com-
parators, switching elements, and S, and S, may be realized
numerically for example using logical conditional (IF-
THEN-ELSE) statements, in algorithms as will be later
described.

Further, by utilizing various types of switching elements
(in place of those depicted as analog voltage switching ele-
ments such as those realized by the CD4016, CD4066), S,
and S, may be more general types of electrical, optical, flu-
idic, pneumatic, charge, spin, magnetic, acoustic, chemical or
biochemical, etc., signals or phenomena. These many varia-
tions may be implemented in accordance with various
embodiments. Accordingly, the switching elements would
respectively be electrical switching elements, optical switch-
ing elements, pneumatic switching elements, charge-transfer
switching elements, spin-transfer switching elements, mag-
netic switching elements, acoustic switching elements,
chemical or biochemical signal transduction mixing element,
etc.

Additionally, the switch interconnection terminal may not
be directed to a signal sink but rather to a signal source,
bidirectional element, transmission line, or other arrange-
ment, and similarly either or each of S; and S, may not be a
signal source but rather to a signal sink, bidirectional element,
transmission line, or other arrangement. As an illustrative
example, the switch interconnection terminal could connect
to an antenna with S; and S, respectively connecting to an
outgoing transmitter signal or providing an incoming receiver
signal, or the switch interconnection terminal could connect
to gas repository or reaction chamber with S, and S, connect-
ing to other gas repositories or reaction chambers for mutual
interaction.






