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Method and System for Down.-('lonverting an Electromagnetic
Signal, and Transforms for Same

Backgro_und of the Invention

Field of the Invention

The present invention relates_ to down-conversion of electromagnetic
(EM) signals. More particularly, the present invention relates to down-
conversion of EM signals to intermediate frequency signals, to direct down- |
conversion of EM modulated carrier signals to demodulated baseband signals,'
and to conversion of FM signals to non-FM signals. The present invention

also relates to under-sampling and to transferring energy at aliasing rates.

Related Art

Electromagnetic (EM) information signals (baseband signals) include,
but are not limited to, video baseband signals, voice baseband signals,
computer baseband signals, etc. Baseband signals include analog baseband
signals and digital baseband signals. '

It is often beneficial to propagate EM signals at higher frequencies.
This is generally true regardless of whether the propagation medium is wire,
optic fiber, space, air, liquid, etc.. To enhance efficiency and practicality, such
as improved ability to radiate and added ability for multiple channels of

baseband signals, up-conversion to a -higher frequency is utilized.

~Conventional up-conversion processes modulate higher frequency carrier

signals with baseband signals. Modulation re_fers to a variety of techniques for
impressing information from the baseband signals onto the higher frequency
carrier signals. The resultant signals are referred to herein as modulated

carrier signals. For example, the amplitude of an AM carrier signal varies in
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relation to changes in the baseband signal, the frequency of an FM carrier

signal varies in relation to changes in the baseband signal, and the phase of a
PM carrier signal varies in relation to changes in the baseband signal.

In order to proce$s the information that was in the baseband signal, the
information must be extfacted, or demodulated, from the modulated carrier
signal. However, because conventional signal processing technology is-
limited in operational speed, conventional signal processing technology cannot
easily demodulate a baseband signal from higher frequency modulated carrier
signal directly. Instead, higher frequency modulated carrier signals must be
down-converted to an intermediate 'frequency (IF), from where a conventional
demodulator can demodulate the baseband signal.

Conventional down-converters include electrical components whose

properties are frequency dependent. As a result, conventional down-

" converters are designed around specific frequencies or frequency ranges and

do not work well outside their designed frequency range.

Conventional down-converters generate unwanted image signals and
thus must include filters for filtering the unwanted image signals. However,
such filters reduce the power level of the modulated carrier signals. As a
result, conventional down-converters include power amplifiers, which require

external energy sources.

When a received modulated carrier signal is relatively weak, as in, for

_example, a radio receiver, conventional down-converters include additional

power amplifiers, which require additional external energy.

What is needed includes, without limitation:

an improved method and system for down-converting EM signals;

a method and system for directly down-converting modulated carrier
signals to demodulated baseband signals; _

a method aﬁd system for transferring energy and for augmenting such

energy transfer when down-converting EM signals;
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a controlled ﬁnbedance method and system for down-converting an
EM signal;

a controlled aperture under-sampling method and system for down-
converting an EM signal;

a method and system for down—converting EM signals using a
universal down-converter design that can be easily configured for different
frequencies;

a method and system for down-converting EM signals using a local
oscillator frequency that is substantially lower than the carrier frequency;

a method and system for down-converting EM signals using only one
local oscillator; . .

a method and system for down-converting EM signals that uses fewer
filters than conventional down-converters;

a method and system for down-converting EM signals using less power
than conventional down-converters;

a method and system for down-converting EM signals that uses less
space than conventional down-converters;

a method and system for down-converting EM signals that uses fewer
components than conventional down-converters;

a method and system for down-converting EM signals that can be
implemented on an integrated circuit (IC); and

a method and system for down-converting EM signals that can also be .

used as a method and system for up-converting a baseband signal.
Summary of the Invention
Briefly stated, the present invention is directed to methods, systems,

and apparatuses for down-converting an electromagnetic (EM), and

applications thereof.
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Generally, in an embodiment, the invention operates by receiving an
EM signal and recursively operating on approximate half cycles of a carrier
signal. The recursive operations are typically performed at a sub-harmonic
rate ;)f the carrier signal. The invention accumulates the results of the recursive
operations and uses the accumulated results to form a down-converted signal.

" In an embodiment, the invention down-converts the EM signal to an

intermediate frequency (IF) signal.

In another embodiment, the invention down-converts the EM signal to

a demodulated baseband information signal.

In another embodiment, the EM signal is a frequéncy'modulate'd (FM)
signal, which is down-converted to a non-FM signal, such as a phase
modulated (PM) signal or an amplitude modu_latéd (AM) signal.

The invention is applicable to any type of EM signal, including but not
limited to, modulated carrier signals (the invention is applicable to any
modulation scheme or combination thereof) and unmodulated carrier signals. -

Further features and advantages of the- invention, as well as the

structure and operation of various embodiments of the invention, are described

"in detail below with reference to the accompanying drawings. It is noted that

the invention is not limited to the specific embodiments described herein.
Such. embodiments are presented herein for illustrative purposes only.

Additional embodiments will be apparent to persons skilled in the relevant -

art(s) based on the teachings contained herein.

Brief Description of the Drawings

The drawing in which an element first appears is typically indicated by
the leftmost digit(s) in the corresponding reference number.

The present invention will be described with reference to the

‘accompanying drawings wherein:

FIGS.1 illustrates a structural block diagram of an example modulator;
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FIG. 2 illustrates an example analog modulating baseband signal,

FIG. 3 illustrates an example digital modulating baseband signal;

FIG. 4 illustrates an example carrier signal;

FIGS. 5A-5C illustrate example signal diagrams related to amplitude
modulation; _

FIGS. 6A-6C illustrate example signal diagrams related to amplitude -
shift keying modulation;

- FIGS. 7A-7C illustrate example signal diagrams related to frequency

modulation; _

FIGS. 8A-8C illustrate example signal diagrams related to frequency
shift keying modulation;

FIGS. 9A-9C illustrate example signal diagrams related to phase
modulation;

FIGS. 10A-10C illustrate example signal diagrams related to phase

-shift keying modulation;

FIG. 11 illustrates a structural block diagram of a conventional
receiver; _

FIG.12A-D illustrate various flowcharts for down-converting an EM-
signal according to embodiments of the invention;

FIG. 13 illustrates a structural block diagram of an aliasing system
according to an embodiment of the invention;

FIGS. 14A-D illustrate various flowcharts for down-converting an EM
signal by under-sampling the EM signal according to embodiments of the
invention;

FIGS. 15A-E illustrate example signal diagrams associated with
flowcharts in FIGS. 14A-D according to embodiments of the invention;

FIG. 16 illustrates a structural block diagram of an under-sampling
system according to an embodiment of the invention;

FIG. 17 illustrates a flowchart of an example process for determining

an aliasing rate according to an embodiment of the invention;
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FIGS. 18A-E illustrate example signal diagrams associated with down-

‘converting a digital AM signal to an intermediate frequency signal by under-

sampling according to embodiments of the invention;

FIGS. 19A-E illustrate example signal diagrams associated with
down-converting an analog AM signal to an intermediate frequency signal by
under-sampling according to embodiments of the invention; |

FIGS. 20A-E illustrate example signal diagrams associated with

“down-converting an analog FM signal to an intermediate frequency signal by

under-sampling according to embodiments of the invention;

FIGS. 21A-E illustrate example signal diagrams associated with

.down-converting a digital FM signal to an intermediate frequency signal by

under-sampling according to embodiments of the invention;
'FIGS. 22A-E illustrate example signal diagrams associated - with

down-converting a digital PM signal to an intermediate frequency signal by

‘under-sampling according to embodiments of the invention;

FIGS. 23A-E illustrate example signal diagrams associated with

down-converting an analog PM signal to an intermediate frequency signal by

-'under-samp]ing according to embodiments of the invention;

FIG. 24A illustrates a structural block diagram of a make before break
under-sampling system according to an embodiment of the invention;

FIG. 24B 1llustrates an example timing diagram of an under samphng

‘signal according to an embodiment of the invention;

FIG. 24C illustrates an example timing diagram of an isolation signal

according to an embodiment of the invention;

FIGS. 25A-H illustrate example aliasing signals at various aliasing
rates according to embodiments of the invention;

FIG. 26A illustrates a structural block diagram of an exemplary sample
and hold system according to an embodiment of the invention; '

FIG. 26B illustrates a structural block diagram of an exemplary

inverted sample and hold system according to an embodiment of the invention;
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FIG. 27 illustrates a structural block diagram of sample and hold
module according to an embodiment of the invention;

FIGS. 28A-D illustrate example implementations of a switch module
according to embodiments of the invention;

5 FIGS. 29A-F illustrate example implementations of ‘a holding module
according to embodiments of the present invention;

FIG. 29G illustrates an integrated under-sampling system abcording to
embodiments of the invention;

FIGS. 29H-K illustrate example implementations of pulse generators

10 according to embodiments of the invention;

FIG. 29L illustrates an example oscillator;

FIG. 30 illustrates a structural block diagram of an under-sampling
system with an under-sampling signal optimizer according to embodiments of
the invention,;

15 FIG. 31A illustrates a structural block diagram of an under-sampling
signal optimizer according to embodiments of the present invention;

FIGS. 31B and 31C illustrate example waveforms present in the circuit -
of FIG. 31A;

FIG. 32A illustrates an example of an under-sampling signal module

20 according to an embodiment of the invention;

FIG. 32B illustrates a flowchart of a state machine operation associated
with an under-sampling module according to embodiments of the invention;

FIG. 32C illustrates an example under-sampling module that includes
an analog circuit with automatic gain control according to embodiments of the

25 invention;

FIGS. 33A-D illustrate example signal diagrams associated with direct
down-conversion of an EM signal to a baseband signal by under-sampling
according to embodiments of the present invention;

- FIGS. 34A-F illustrate example signal diagrams associated with an

30 inverted sample and hold module according to embodiments of the invention;
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FIGS. "35A-E illustrate ‘example signal diagrams . associated with
directly down-converting an analog AM signal to a demodulated baseband
signal by under-sampling according to embodiments of 'ghe invention; '

FIGS. 36A-E illustrate example signal diagrams associated with-
down-converting a digital AM ‘signal to a demodulated basebandsignal by
under-sampling according to embodiments of the inventidn;

FIGS. 37A-E illustrate example signal diagrams associated with
directly. down-converting an analog PM signal to a demodulated baseband
signal by under-sampling according to embodiments of the invention;

FIGS. 38A-E illustrate example signal diagrams associated with
down-converting a digital PM signal to a demodulated baseband signal by
under-sampling according to embodiments of the invention;

~FIGS. 39A-D illustrate down-converting a FM signal to a non-FM

signal by under-sampling according to embodiments of the invention;

FIGS. 40A-E illustrate down-converting a FSK signal to a PSK signal

by under-sampling according to embodiments of the invention;

FIGS. 41A-E illustrate down-converting a FSK signal to an ASK

| signal by under-sampling according to embodiments of the invention;

FIG. 42 illustrates a structural block diagram of an inverted sample and
hold according to an embodiment of the present invention;

FIG. 43 illustrates an equation that represents the change in charge in
an storage device of embodiments of a UFT module.

FIG. 44A illustrates a structural block diagram of a differential system -

according to embodiments of the invention;

FIG. 44B illustrates a structural block diagram of a differential system
with a differential input and a differential output according to embodiments of
the invention;

F1G. 44C illustrates a structural block diagram of a differential system
with a single input and a differential output according to embodiments of the

invention;
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FIG. 44D illustrates a differential input with a single output according
to embodiments of the invention;

FIG. 44E illustrates an example differential input to single output
system according to embodiments of the invention;

FIGS 45A-B illustrate a conceptual illustration of aliasing including
under-sampling and energy transfer according to embodiments of the
invention;

FIGS. 46A-D illustrate various flowchart for down-converting an EM
signal by transferring energy from the EM signal at an aliasing rate according
to embodiments of the invention;

FIGS. 47A-E illustrate example signal diagrams associated with the
flowcharts in FIGS. 46A-D according to embodiments of the invention;

FIG. 48 is a flowchart that illustrates an example process for
determining an aliasing rate associated with an aliasing signal according to an
embodiment of the invention;

FIG. 49A-H illustrate example energy transfer signals according to
embodiments of the invention;

FIGS. 50A-G illustrate example signal diagran_1s associated with down-
converting an analog AM signal to an intermediate frequency by transferring
energy at an aliasing rate according to embodiments of the invention;

FIGS. 51A-G illustrate example signal diagrams associated with down-
converting an digital AM signal to an intermediate frequency by transferring
energy at an aliasing rate according to embodiments of the invention;

' FIGS. 52A-G illustrate example signal diagrams associated with down-
converting an analog FM signal to an intermediate frequency by transferring
energy at an aliasing rate according to embodiments of the invention;

FIGS. 53A-G illustrate example signal diagrams associated with down-
converting an digital FM signal to an intermediate frequency by transferring

energy at an aliasing rate according to embodiments of the invention;
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FIGS. 54A-G illustrate example signal diagrams associated with down-
converting an analog PM signal to an intermediate.frequency by transferring
energy at an aliasing rate according to embodiments of the invention; :

FIGS. 55A-G illustrate example signal diagra'm_é associated with down-
converting an digital PM signal to an intermediate'ﬁéquency by transferring’
energy at an aliasing rate according to embodiments of the invention; -

FIGS. 56A-D illustrate an example signal diagram associated with
direct down-conversion according to embodiments of the invention;

FIGS. 57A-F illustrate directly down-converting an analog AM signal-
to a demodulated baseband signal according fo embodiments of the invention;

FIGS. 58A-F illustrate directly down-converting an digital AM signal

to a demodulated baseband signal according to embodiments of the invention;

- FIGS. 59A-F illustrate directly down-converting an analog PM signal

" to a demodulated baseband signal according to embodiments of the invention;

FIGS. 60A-F illustrate directly down-converting an digital PM signal

" to a demodulated baseband signal according to embodiments of the invention;

FIGS. 61A-F illustrate down-converting an FM signal to a.PM signal
according to embodiments of the inveﬁtion; '

FIGS. 62A-F illustrate down-converting an FM signal to a AM signal .
according to embodiments of the invention;

FIG. 63 illustrates. a block diagram of an energy transfer system
according to an embodiment of the invention; |

FIG. 64A illustrates an exemplary gated transfer system according to
an embodiment of the invention; '

FIG. 64B illustrates an exemplary inverted gated transfer system

according to an embodiment of the invention;

FIG. 65 illustrates an example embodiment of the gated transfer
module according to an embodiment of the invention; -
FIGS. 66A-D illustrate example implementations of a switch module

according to embodiments of the invention,;
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FIG. 67A illustrates an example embodiment of the. gated transfer
module as including a break-before-make module according to an embodiment
of the invention; |

FIG. 67B illustrates an example timing diagram for an energy transfer
signal according to an embodiment of the invention;

FIG. 67C illustrates an example timing diagram for an isolation signal
according to an embodiment of the invention;

FIGS. 68A-F illustrate example storage modules according to
embodiments of the invention; |

FIG. 68G illustrates an integrated gated transfer system according to an
embodiment of the invention;

FIGS. 68H-K illustrate example aperture generators;

FIG. 68L illustrates an oscillator according to an embodiment of the
present invention;

FIG. 69 illustrates an energy transfer system with an optional energy
transfer signal module according to an embodiment of the invention;

FIG. 70 illustrates an aliasing module with input and output impedance
match according to an embodiment of the invention;

FIG. 71A illustrates an example pulse generator;

FIGS. 71B and C illustrate example waveforms related to the pulse
generator of FIG. 71A;

FIG. 72 illustrates an example embodiment where preprocessing is
used to select a portion of the carrier signal to be operated upon;

FIG. 73 illustrates an example energy transfer module with a switch
module and a reactive storage module according to an embodiment of the
invention;

FIG. 74 illustrates an example inverted gated transfer module as
including a switch module and a storage module according to an embodiment

of the invention;
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FIGS. 75A-F illustrate an example signal diagrams. associated with an

‘inverted gated energy transfer module according to embodiments of the

invention;
FIGS. 76A-E illustrate energy transfer modules in configured in
various differential conﬁgurations according to.embodiments of the invention;
FIGS. 77A-C illustrate example impedance matching  circuits
according to embodiments of the invention;

FIGS. 78A-B illustrate example under-sampling systems according to

“embodiments of the invention;

FIGS. 79A-F illustrate example timing dlagrams for under-sampling
systems according to embodiments of the invention;

FIGS. 80A-F illustrate example timing diagrams for an under-sampling

system when the load is a relatively low impedance load .according to.

“embodiments of the invention;

FIGS. 81A-F illustrate example timing diagrams for an under-sampling

system when the holding capacitance has a larger value according to-

embodiments of the invention; _ _

FIGS. 82A-B illustrate example energy transfer systems according to-
embodiments of the invention; _ o

FIGS. 83A-F illustrate example timing diagrams for energy transfer
systems according to embodiments of the present invention; : _

FIGS. 84A-D illustrate down-converting an FSK signal to a PSK
signal according to embodlments of the present invention;

FIG. 85A illustrates an example energy transfer 51gna1 module

~ according to an embodiment of the present invention;-

FIG. 85B illustrates a flowchart of state machine operation according

" to an embodiment of the present invention;

FIG. 85C is an example energy transfer SIgnal module
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FIG. 86 is a schematic diaigfam of a.circuit'“tlo down-convert a 915
MHZ signal to a 5 MHZ signal using a 101.1 MHZ. clock according to an
embodiment of the present invention;

FIG. 87 shows simulation waveforms for the circuit of FIG. 86
according to embodiments of the present invention;

FIG. 88 is a schematic diagram of a circuit to down-convert a 915
MHZ signal to a 5 MHz signal using a 101 MHZ clock according to an
embodiment of the present invention;

FIG. 89 shows simulation waveforms for the circuit of FIG. 88
according to embodiments of the present invention;

FIG. 90 is a schematic diagram of a circuit to down-convert a 915
MHZ signal to a 5 MHZ signal using a 101.1 MHZ clock according to an
embodiment of the present invention;

FIG. 91 shows simulation waveforms for the circuit of FIG. 90
according to an embodiment of the present invention;

FIG. 92 shows a schematic of the circuit in FIG. 86 connected to an
FSK source that alternates between 913 and 917 MHZ at a baud rate-of 500
Kbaud according to an embodiment of the present invention;

FIG. 93 shows the original FSK waveform 9202 and the down-
converted waveform 9204 at the output of the load impedance match circuit
according to an embodiment of the present invention;

FIG. 94A illustrates an example energy transfer system according to an
embodiment of the invention;

FIGS. 94B-C illustrate example timing diagrams for the example
system of FIG. 94A;

FIG. 95 illustrates an example bypass network according to an
embodiment of the invention;

FIG. 96. illustrates an example bypass network according to an
embodiment of the invention;

FIG. 97 illustrates an example embodiment of the invention;
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FIG. 98A ‘illustrates an example real: time aperture control. circuit

. according to an embodiment of the invention;

FIG. 98B illustrates a timing diagram of an example clock signal for
real time aperture control, according to an embodiment of the invention;
FIG. 98C illustrates a timing diagram of an example optional enable

signal for real time aperture control, according to an embodiment of the

invention;

FIG. 98D illustrates a timing diagram of an inverted clock signal for

real time aperture control, according to an embodiment of the invention;

~ FIG. 98E illustrates a timing diagram of an example delayed clock -
signal for real time aperture control, according to an embodiment of the
invention;

FIG. 98F illustrates a timing diagram of an example energy transfer
including pulses having apertures that are controlled in real time, according to
an embodiment of the invention;

FIG. 99 is a block diagram of a differential system that utilizes non-
inverted gated transfer units, according to an-embodiment of the invention;

FIG.100 illustrates an example embodirﬁent of the invention;

FIG.101 illustrates an example embodiment of the invention; -

FIG.102 illustrates an example embodiment of the invention;

FIG.103 illustrates an exahlple embodiment of the invention;

- FIG.104 illustrates an example embodiment of the invention;

FIG.105 illustrates an example embodiment of the invention;

FIG.106 illustrates an example embodiment of the invention;

FIG.107A is a timing diagram for the example embodiment of FIG.
103; '

FIG.107B is a timing diagram for the example embodiment of FIG.

104,

FIG.108A is a timing diagram for the example embodiment of FIG.

1105;
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FIG.108B is a timing diagram for the example embodiment of FIG.
106,

FIG.109A illustrates and example embodiment of the invention;

FIG.109B illustrates equations for determining charge transfer, in
accordance with the present invention;

FIG.109C illustrates relationships between capacitor charging and
aperture, in accordance with the present invention;

FIG.109D illustrates relationships between capacitor charging and
aperture, in accordance with the present invention;

FIG.109E illustrates power-charge relationship equations, in
accordance with the present invention;

FIG.109F illustrates insertion loss equations, in accordance with the

_present invention;

‘FIG. 110A illustrates aliasing module 11000 a single FET
configuration; :
FIG.110B illustrates FET conductivity vs. Vg,
FIGS.111A-C illustrate signal waveforms associated with aliasing
module 11000;
FIG. 112 illustrates aliasing module 11200 with a complementary FET
configuration;
FIGS. 113A-E illustrate signal waveforms associated with aliasing
module11200;
FIG. 114 illustrates aliasing module 11400,
FIG. 115 illustrates aliasing module 11500;
FIG. 116 illustrates aliasing module 11602;
FIG. 117 illustrates aliasing module 11702;
“FIGS. 118-120 illustrate signal waveforms associated with aliasing
module 11602; _
FIGS. 121-123 illustrate signal waveforms associated with aliasing
module 11702.

PCT/US00/09911



‘WO 00/64042 PCT/US00/09911

- 16-

FIG. 124A is a block diagram of a splitter according to an embodiment
of the invention;
FIG. 124B is a more detailed diagram of a splitter according to an
embodiment of the invention; -
5 ' FIGS. 124C and 124D are example waveforms related to the splitter of
FIGS. 124A and 124B;
FIG. 124E is a block diagram of an I/Q circuit with a splitter according
to an embodiment of the invention; - '
FIGS. 124F-124] are example waveforms related to the diagram of
10 FIG. 124A;
FIG. 125 is a block diagram of a switch module according to an
embodiment of the invention;-
FIG. 126A is an implementation example of the block diagram of FIG:
125;
15 FIGS. 126B-126Q are example waveforms related to FIG. 126A;
FIG. 127A is another implementation example of the block diagram of
'FIG. 125;
FIGS. 127B-127Q are example waveforms related to FIG. 127A;
..~ .FIG. 128A is an example MOSFET embodiment of the invention;
20 - FIG. 128B is an example MOSFET embodiment of the invention; =
FIG. 128C is an example MOSFET embodiment of the invention;
FIG. 129A is another implementation example of the block diagram of
FIG. 125;
. FIGS. 129B-129Q are example waveforms related to FIG. 127A;
25 FIGS. 130 and 131 illustrate the amplitude and pulse.width modulated
transmitter according to embodiments of the present invention;
FIGS. 132-134 illustrate example signal diagrams associated with the
amplitude and pulse width modulated transmitter according to embodiments of

the present invention;
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FIG. 135 shows an embodiment of a receiver block diagram to recover
the amplitude or pulse width modulated information; :

FIG. 136 illustrates example signal diagrams associated with a
waveform generator according to embodiments of the present invention;

FIGS. 137-139 are example schematic diagrams illustrating various
circuits employed in the receiver of F1G. 135;

FIGS. 140-143 illustrate time and frequency domain diagrams of
alternative transmitter output waveforms;

FIGS. 144 and 145 illustrate differential receivers in accord with
embodiments of the present invention;

- FIGS. 146 and 147 illustrate time and frequency domains for a narrow .
bandwidth/constant carrier signal in accord wit_H an embodiment of the present
invention; _

FIG. 148 illustrates a method for down-converting an electromagnetic
signal according to an embodiment of the present invention using a matched
filtering/correlating operation;

FIG. 149 illustrates a matched filtering/correlating processor according
to an embodiment of the present invention;.

FIG. 150 illustrates 5 method for down-converting an electromagnetic
signal according to an embodiment of the present invention using a finite time
integrating operation;

FIG. 151 illustrates a finite time integrating processor according to an
embodiment of the present invention; |

FIG. 152 illustrates a method for down-converting an electromagnetic
signal according to an embodiment of the present invention using an RC
processing operation.

FIG. 153 illustrates an RC processor according to an embodiment of
the present invention;

FIG. 154 illustrates an example pulse train;
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“FIG. ‘155 illustrates combining a pulse train- of energy signals to
produce a power signal according to an embobiment of the invention;

FIG. 156 illustrates' an example piecewise linear reconstruction of a

sine wave.

FIG. 157 illustrates how certain portions of a carrier signal or sine

waveform are selected for processing according to an embodiment of the

present invention; -

FIG. 158 illustrates an example double sideband large carrier AM.

waveform; -

FIG. 159 illustrates a block diagram of an example optimum processor

_system; -

FIG. 160 illustrates the-fre'quency response of an optimum processor
according to an embodiment of the present invention;

FIG. 161 illustrates example frequency responses for a processor at

~various apertures; =

FIGS. 162-163 illustrates an example processor embodiment according -

' to the present invention;

' FIGS. 164A-C illustrate example impulse responses of a matched filter
pro'cessbr and a finite time integrator; '

FIG. 165 illustrates a basic circuit for an RC processor according to an

“embodiment of the present invention;

FIGS. 166-167 illustrate example plots of voltage signals;

FIGS. 168-170 illustrate the various characteristics of a processor

according to an embodiment of the present invention;

FIGS. 171-173 illustrate example processor embodiments according to

the present invention;

FIG. 174 illustrates the relationship between beta and the output charge

- of a processor according to an embodiment of the present invention; -

FIG. 175A illustrates an RC processor according to an embodiment of

" the present invention coupled to a load resistance;
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FIG. 175B. illustrates -an example implementation of the present
invention;

FI1G. 175C illustrates an- example charge/discharge timing diagram
according to an embodiment of the present invention; |

FIG. 175D illustrates example energy transfer pulses according to an
embodiment of the present invention; |

FIG. 176 illustrates example performance characteristics of an
embodiment of the present invention;

FIG. 177A illustrates example performance characteristics of an
embodiment of the present invention;

FIG. 177B illustrates example waveforms for elementary matched
filters.

FIG. 177C illustrates a waveform for an embodiment of a UFT
subharmonic matched filter of the present invention.

FIG. 177D illustrates example embodiments of complex matched
filter/correlator processor; .

FIG. 177E illustrates an embodiment of a complex matched filter/
correlator processor of the present invention;

FIG. 177F illustrates an embodiment of the decomposition of a non-
ideal correlator alignment into an ideally aligned UFT coorrelator component
of the present invention;

FIGS. 178A-178B illustrate example processor waveforms according
to an embodiment of the present invention;

FIG. 179 illustrates the Fourier transforms of example waveforms
waveforms according to an embodiment of the present invention;

FIGS. 180-181 illustrates actual waveforms from an embodiment of
the present invention;

FIG. 182 illustrates a relationship between an example UFT waveform

and an example carrier waveform,;
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“FIG. .183 illustrates example impulse -samplers :having : various
" apertures; ‘
FIG. 184 illustrates the allingment of sample apertures according to an
embodiment of the present invention;
5 - FIG. 185 illustrates an ideal aperture according to' an embodiment of
. the present invention;
| FIG. 186 illustrates the relationship of a step function and delta
functions;
FIG. 187 illustrates an embodiment of a receiver with bandpass filter
10 for complex down-converting of the present invention;
- FIG. 188 illustrates Fourier transforms used to analyze -a' clock
embodiment in accordance with the present invention;
FIG. 189 illustrates an acquistion and hold processor according to an
embodiment of the present invention;
15 FIGS. 190-191 illustrate frequency representations of transforms
according to an embodiment of the present invention,;
- FIG. 192 illustrates an example clock generator; -
FIG. 193 illustrates the down-conversion of an electromagnetic signal
: according to an embodiment of the present invention;’
20 FIG. 194 illustrates a receiver. according to ‘an embodiment of the

‘present invention;

FIG. 195 illustrates a vector modulator according to an embodiment of

the present invention;

FIG. 196 illustrates example waveforms for the vector modulator of
25 FIG. 195;
_ FIG. 197 illustrates an exemplary I/Q modulation receiver, according
“to an embodiment of the present invention;
FIG. 198 illustrates a 1/Q modulation control signal generator,

according to an embodiment of the present invention;
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FIG. 199 illustra;tes example waveforms relaté?d'.i(.) the 1/Q modulation
control signal generator of FIG. 198;

FIG. 200 illustrates example control signal waveforms overlaid upon
an example input RF signal;

FIG. 201 illustrates a I/Q modulation receiver circuit diagram,
according to an embodiment of the present.invention;

FIGS. 202-212 illustrate example waveforms related to a receiver
implemented in accordance with the present invention;

FIG. 213 illustrates a single channel receiver, according to an
embodiment of the present invention;

FIG. 214 illustrates exemplary waveforms associated with quad
aperture implementations of the receiver of FIG. 281, according to
embodiments of the present invention;

FIG. 215 illustrates a high-level example UFT module radio
architecture, according to an embodiment of the present invention;

FIG. 216 illustrates wireless design considerations;

FIG. 217 illustrates noise figure calculations based on RMS voltage
and current noise specifications;

FIG. 218A illustrates an example differential input, differential output-
receiver configuration, according to an embodiment of the present invention;

FIG. 218B illustrates a example receiver implementation, configured
as an [-phase channel, according to an embodiment of the present invention;

FIG. 218C illustrates example waveforms related to the receiver of
FIG. 218B;

FIG. 218D illustrates an example re-radiation frequency spectrum
related to the receiver of FIG. 218B, according to an embodiment of the
present invention,; -

FIG. 218E illustrates an example re-radiation frequency spectral plot
related to the receiver of FIG. 218B, -according to an embodiment of the

present invention;
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FIG. 218F illustrates example impulse sampling of an input signal;
FIG. 218G illustrates example impulse sampling of an input signal in a
environment with more noise relative to that.of FIG. 218F;

FIG. 219 illustrates an example integrated circuit' conceptual

- schematic, according to an embodiment of the present invention;

FIG. 220 illustrates an example receiver circuit architecture, according
to an embodiment of the present invention;

FIG. 221 illustrates example waveforms related to the receiver of FIG.
220, according to an embodiment of the present invention; -

FIG. 222 illustrates DC equations, according to an embodiment of the
present invention;

FIG. 223 illustrates an example receiver circuit, according to an

" embodiment of the present invention;

FIG. 224 illustrates example waveforms related to the receiver of FIG.
223;

FIG. 225 illustrates an example ‘receiver circuit, according to an
embodiment of the present invention;

FIGS. 226 and 227 illustrate example waveforms related to the receiver

-of FIG. 225;

FIGS. 228-230 illustrate equations and information related to charge
transfer;

FIG. 231 illustrates a graph related to the equations of FIG. 230,

FIG. 232 illustrates example control signal waveforms and an example
input signal waveform, according to embodiments of the present invention;

FIG. 233 illustrates an example differential output receiver, according
to an embodiment of the present invention;

FIG. 234 illustrates example waveforms related to the receiver of FIG..
233;

FIG. 235 illustrates an example transmitter circuit, according to an

‘embodiment of the present invention;
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FIG. 236 illustrates example waveforms related to the transmitter of

FIG. 237 illustrates an example frequency spectrum related to the
transmitter of FIG. 235;

FIG. 238 illustrates an intersection of frequency selectivity and
frequency translation, according to an embodiment of the present invention;

'FIG. 239 illustrates a multiple cfiteria, one solution aspect of the
present invention;

FIG. 240 illustrates an example complementary FET switch structure,
according to an embodiment of the present invention;

FIG. 241 illustrates example waveforms related to the complementary
FET switch structure of FIG. 240;

FIG. 242 illustrates an example differential configuration, according to
an embodiment of the present invention;

FIG. 243 illustrates an example receiver implementing clock spreading,
according to an embodiment of the present invention;

FIG. 244 illustrates example waveforms related to the receiver of FIG.
243;

FIG. 245 illustrates wavefdrms related to the receiver of FIG. 243
implemented without clock spreading, according to an embodiment of the
present invention; '

FIG. 246 illustrates an example recovered I/Q waveforms, according to
an embodiment of the presen_t.invention;

FIG. 247 illustrates an example CMOS implementation, according to
an embodiment of the present invention;

FIG. 248 illustrates an example LO gain stage of FIG. 247 at a gate
level, according to an embodiment of the present invention; .

FIG. 249 illustrates an example LO gain stage of FIG. 247 at a

transistor level, according to an.embodiment of the present invention;
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-FIG. 250 illustrates an example pulse generator of FIG. 247 at a gate

~ level, according to an embodiment of the present invention;

FIG. 251 illustrates an example pulse generator of FIG. 247 at a

transistor level, according to an embodiment of the present invention;

'FIG. 252 illustrates an example power gain block of FIG. 247 at a gate
level, according to an embodiment of the present invention;

FIG. 253 illustrates an example power gain block of FIG. 247 at a
transistor level, according to an embodiment of the present invention;

FIG. 254 illustrates an example switch of FIG. 247 at a transistor level,
according to an embodiment of the present invention;

FIG. 255 illustrates an example CMOS "hot clock" block diagram,

- according to an embodiment of the present invention;

FIG. 256 illustrates an example positive pulse generator of FIG. 255 at
a gate level, according to an embodiment of the present invention;’

FIG. 257 illustrates an example positive pulse generator of FIG. 255 at

a transistor level, according to an embodiment of the present invention;

FIG. 258 illustrates pulse width error effect for Y cycle;

FIG. 259 illustrates an example single-ended receiver 'circuit

' implementation, according to an embodiment of the present invention;

FIG. 260 illustrates an example single-ended receiver - circuit
implementation, according to an embodiment of the present invention;

FIG. 261 illustrates an example full differential receiver circuit
implementation, according to an embodiment of the present invention;

FIG. 262 illustrates an example full differential . receiver

~ implementation, according to an embodiment of the present invention;

FIG. 263 illustrates an example single-ended receiver implementation,
according to an embodiment of the present invention;
FIG. 264 illustrates a plot of loss in- sensitivity vs. clock phase

deviation, according to an example embodiment of the present invention;
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- FIGS. 265 and 266 illustrate - example 802.11 WLAN
receiver/transmitter implementations, according to embodiments of the present
invention;

FIG. 267 illustrates 802.11 requirements in relation to embodiments of
the present invention; |

FIG. 268 illustrates an éxample doubler implementation for phase
noise cancellation, according to an embodiment of the present invention;

FIG. 269 illustrates an example doubler implementation for phase
noise cancellation, éccording to an embodiment of the present invention;

FIG. 270 illustrates a example bipolar sampling aperture, according to
an embodiment of the present invention;

FIG. 271 illustrates an example diversity receiver, according to an
embodiment of the present invention;

FIG. 272 illustrates an example equalizer implementation, according to
an embodiment of the present invention; |

FIG. 273:illustrates an example multiple aperture receiver using two
apertures, according to an embodiment of the present invention;

FIG. 274 illustrates exemplary waveforms related to the multiple
aperture receiver of FIG. 273, according to an embodiment of the present
invention;

FIG. 275 illustrates an example multiple aperture receiver using three
apertures, according to an embodiment of the present invention;

FIG. 276 illustrates exemplary waveforms related to the multiple
aperture receiver of FIG. 275, according to an embodiment of the present
invention; - _

FIG. 277 illustrates an example multiple aperture transmitter,
according to an embodiment of the present invention; ' _

FIG. 278 illustrates example frequency spectrums related to the
transmitter of FIG. 277;
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| FIG. 279 illustrates an example output waveform in a d"ouble aperture
- implementation of the transmitter of FIG. 277 '
FIG. 280 iilustrates an example output waveform in a single aperture
implementation of the transmitter of FIG. 277;' .

5 FIG. 281 illustrates an example multiple aperture receiver
implementation, according to an embodiment of the presént invention;

FIG. 282 illustrates 'eXemplary waveforms in a single aperture
'implementation of the receiver of FIG. 281, according to an embodiment of
the present invention;

10 FIG. 283 illustrates exemplary waveforms in a dual aperture
implementation of the receiver of FIG. 281, according to an embodiment of
the present invention; _ _ |

FIG. 284 illustrates exemplary waveforms in a triple aperture
-implementation of the receiver of FIG. 281, according to an embodiment of
15 ‘the present invention; and
FIG. 285 illustrates exemplary waveforms in quad aperture
implementations of the receiver of FIG. 281, according to embodiments of the

present invention.
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| B Introduction
1. General Terminology

For illustrative purposes, the operation of the invention is often
represented by flowcharts, such as flowchart 1201 in FIG. 12A. It should be
understood, however, that the use of flowcharts is for illustrative purposes
only, and is not limiting. For example, the invention is not limited to the
operational embodiment(s) represented by the flowcharts. Instead, alternative
operational embodiments will be apparent to persons skilled in the relevant
art(s) based on the discussion contained herein. Also, the use of flowcharts
should not be interpreted as limiting the invention to discrete or digital
operation. In practice, as will be appreciated by persons skilled in the relevant
art(s) based on the herein discussion, the invention can be achieved via
discrete or continuous operation, or a combination thereof. Further, the flow
of control represented by the flowcharts is provided for illustrative purposés
only. As will be appreciated by persons skilled in the relevant art(s), other
operational control flows are within the scope and spirit of the present
invention. Also, the ordering of steps may differ in various embodiments.

~ Various terms used in this appliéation are .generally described in this
section. The description in this section is provided for illustrative and
convenience purposes only, and is not limiting. The meaning of these terms
will be apparent to persons skilled in the relevant art(s) based on the entirety of
the teachings provided herein. These terms may be discussed throughout the
specification with additional detail.

The term modulated carrier signal, when used herein, refers to a carrier

signal that is modulated by a baseband signal.
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The term unmodulated carrier signal, when used herein, refers to a
signal having an amplitude that oscillates at a substantially uniform frequency

and phase.

The term baseband signal, when used herein, refers to an information

‘signal including, but not limited to, analog information signals, digital

information signals and direct current (DC) information signals.

The term carrier signal, when used herein, and unless otherwise
specified when used herein, refers to modulated carrier signals - and’
unmodulated carrier signals, information signals, digital information signals,
and direct current (DC) information signals. |

The term electromagnetic (EM) signal, when used herein, refers to a
signal in the EM spectrum. EM spectrhm includes all frequencies greater than
zero hertz.” EM signals generally include waves characterized by variations in

electric and magnetic fields. Such waves may be propagated in any medium;

both natural and manmade, including but not limited to air, space, wire, cable,

liquid, waveguide, micro-strip, strip-line, optical fiber, etc. Unless stated

otherwise, all signals discussed ‘herein are EM signals, even when not

explicitly designated as such.

"The term intermediate frequency (IF) signal, when used herein, refers -

to an EM signal that is substantially similar to another EM signal except that .

the IF signal has a lower frequency than the other signal. An IF signal
frequency can be any frequency above zero HZ. Unless otherwise stated, the -

terms lower frequency, intermediate fréquency, intermediate and IF are used

_ iﬁte_rchangeably herein.

The term analog signal, when used herein, refers to a signal that is
constant or continuously variable, as contrasted to a signal that changes

between discrete states.

The term baseband, when used herein, réfers to a frequency band

occupied by any generic information signal desired for transmission and/or

reception.
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The term baseband signal, when used herein, refers to any generic
information signal desired for transmission and/or reception.

The term carrier frequency, when used herein, refers to the frequency
of a carrier signal. Typically, it is the center frequency of a transmission signal
that is generally modulated.

The term carrier signal, when used herein, refers to an EM wave
having -at least one characteristic that may be varied b.y modulétion, that is
capable of carrying information via modulation.

The term demodulated baseband signal, when used hereiﬁ, refers to a
signal that results from processing a modulated signal. In some cases, for
example, the demodulated baseband signal results from deﬁlodulating an
intermediate frequency (IF) modulated signal, which results from down
converting a modulated carrier'signal. In another case, a signal that results
from a combined downconversion and demodulation step.

The term digital signal, when used herein, re.fers to a signal that
changes between discrefe states, as contrasted to a signal that is continuous.
For example, the voltage of a digital signal may shift between disérete levels.

The term electromagnetic (EM) spectrum, wilen used herein, refers to a
spectrum comprising waves characterized by variatiohs in electric and
magnetic fields. Such waves may bé propagated in any communication
medium, both natural and manmade, including but not limited to air, space,
wire, cable, liquid, wavéguide, microstrip, stripline, optical fiber, etc. The EM
spectrum includes all frequencies greater than zero hertz. |

" The term electromagnetic (EM) signal, when used herein, refers to a
signal in the EM spectrufn. Also generélly called an EM wave. Unless stated
otherwise, all signals discussed herein are EM signals, even when not
eiplicitly designated as such. |

The term modulating baseband signal, when used herein, refers to any
generic information signal that is used to modulate an oscillating signal, or

carrier signal.
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1.1  Modulation

It is oﬂen beneficial to propagate electromagnetlc (EM) signals at

higher frequenc1es. ThlS includes baseband srgnals, such as d)grtal data

information signals and analog information signals. A baseband s1gna] can be

_ up-converted to a higher frequency EM signal by using the baseband 31gnal to

modulate a higher frequency carrier 51gnal Fc. When used in this manner,

such a baseband signal is herein called a modulating baseband signal Fyp.

Modulation imparts changes to the carrier _s_igrtal F¢ that represent
information in the modulating baseband signal Fyz. The changes carl beinthe .
form of amplitude changes, fretluency changes, phase changes, etc., or any |
"combination 't.her_eof. The resultant signal is referred to herein as a mo.dulated.

‘carrier signal Fc. The modulated carrier signal F mc includes the carrier signal

F. modulated by the modulating baseband signal, Fys, as in:

Fus combirled with Fe — Fyc

The modulated carrier s1gnal Fuc oscillates at, or near the frequency of the

carrier signal F¢ and can thus be efﬁclently propagated.

F IG. 1 illustrates an example modulator 110, wherem the carrier signal

Fcis modulated by the modulatmg baseband sxgnal FMB, thereby generating the

modulated carrier signal F, MC-

Modulating baseband signal Fys can be an ahalog Baseband_ signal,'a

- digital baseband signal, or a combination thereof.

FIG. 2 illustrates the modulating baseband sigrlal Fus as an exemplary
analog modulating baseband signal 210. The exemplary analog modulatlng
baseband signal 210 can represent any type of analog information including,
but not limited to, voice/speech data, music data, video data, etc. The

amplitude of analog modulating baseband signal 210 varies in time.
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Digital information includes a plurality of discrete states. For ease of
explanation, digital information signals are discussed below as having two
discrete states. But the invention is not limi_ted to this embodiment.

FIG. 3 illustrates the modulating baseband signal F,,; as an exemplary
digital modulating baseband signal 310. The digital modulating baseband
signal 310 can represent any type of digital data including, but not limited to,
digital cbmputer information and digitized anélog information. The digital
modulating baseband signal 310 includes a ﬁfst sfate 312 and a second state
314. In an er.nbo'diment, first state 312 represents binary state 0 and second
state 314 represents binary state 1. AIternativély, first state 312 represents
binary state 1 and second state 314 reprCSents binary state 0. Throughout the
remainder of this disc]oSuré, the former convention is followed, whereby first
state 312 represents binary state zero and second state 314 represents binary
state one. But the invention is not limited to this embodiment. First state 312.
is thus referred to herein as a.low state and second state 314 is referred to
herein as a high state. |

Digital modulating baseband signal 310 can change between ﬁrst state
312 and second state 314 at a data rate, or baud rate, measured as bité per-.
second. |

Carrier signal F is modulated by the ﬁodulating baseband signal Fue,
by any modu]ation techniqué, including, but not limited to, amplitude
modulation (AM), frequency modulation (FM), phase modulation (PM), etc.,
or any combination thereof. Exatﬁples are provided below for ainplitude
modulating, frequency modulating, and phase quul:ating the analog
modulating basebaﬁd signal 210 and the digital mod.ulating. baseband signal
310, on ‘the carrier signal FC'. The examples are used to assist in the
descripﬁon of the invention. The invention is not limited to, or by, the
examples. | ' |

.FIG. 4 iilustrates the carrier signal F as a carrier signal 410. In the

example of FIG. 4, the carrier signal 410 is illustrated as a 900 MHZ carrier
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signal.- Alternatively, the carrier signal 410 ‘can be any other- frequency.
Example modulation schemes are provided below, using the examples signals
from FIGS. 2,3 and 4. -

1.1.1- Amplitude Modulation

In arﬁplitude .modulation (AM), the amplitude of the modulated carrier

signal:FMc is a function of the amplitdde of the mpdulating baseband signal

Fus: FIGS. SA-5C illustrate example timing diagrams for amplitude

modulating the carrier signal 410 with the analog modulating baseband signal

'210. FIGS. 6A-6C illustrate example timing diagrams for amplitude

modulating the carrier signal 410 with the digital modulating baseband signal

FIG. 5A illustrates the analog rhodulating_baseband signal 210. FIG.
5B illustrates the carrier signal 410. FIG. 5C illustrates an analog AM carrier

signal 516, which is generated when the danier signal 410 is amplitude

-, modulated using the analog modulating baseband signal_-210. As used herein,
‘the term "analog AM carrier signal” is used to indicate that the modulating

| baseband signal is an analog signal.

The analog AM carrier signal 516 oscillates at the frequency of carrier

signal 410. The amplitude of the anélog AM carrier signal 516 tracks the

amplitude of analog modulating baseband signal 210, illustrating that the
information contained in the analog modulating baseband signal 210 is

retained in the analog AM carrier signal 516.

FIG. 6A illustrates the digital modulating baseband signal 310. FIG.

6B illustrates the carrier signal 410. FIG. 6C illustrates-a digital AM carrier

signal 616, which is genérated when the carrier signal 410 is amplitude
modulated using the digital modulating baseband signal 310. As used herein,

the term "digital AM carrier signal" is used to indicate that the modulating

‘baseband signal is a digital signal.
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The digital AM carrier signal 616 oscillates at the frequency of carrier
signal 410. The amplitude of the digital AM carrier signal 616 tracks the
amplitude of digital modulating baseband signal 310, illpstrating that the
information contained in the digital modulating baseband signal 310 is
retained in the digital AM signal 616. As the digital modulating baseband
signal 310 changes states, the digital AM signal 616 shifts amplitudes. Digital
amplitude modulation is often referred to as amplitude shift keying (ASK) ,

and the two terms are used interchangeably throughout the specification.

1.1.2 Frequency Modulation

In frequency modulation (FM), the frequency of the modulated carrier
signal F,,. varies as a function of the amplitude of the modulating baseband

signal Fy;;. FIGS. 7A-7C illustrate example timing diagrams for frequency

| modulating the carrier signal 410 with the analog modulating baseband signal

210. FIGS. 8A-8C illustrate example timing diagrams for frequency
modulating the carrier signal 410 with the digital modulating baseband sighal
310, | S

FIG. 7A illustrates the analog modulating baseband signal 210. FIG.
7B illustrates the carrier signal 410. FIG. 7C illustrates an analog FM carrier
signal 716, which is generated when the carrier signal 410 is .freqﬁenc_:y
modulated using the analog modulating baseband sigﬁal 2] 0. As used herein,
the term "analog FM carrier signal” is uséd to indicate that the modulating
baseband signal is an anélog signal.

The frequency of the analog FM carrier signal 716 varies as a function
of amplitude changes on the analog baseband signal 210. In the illustrated
example, the frequency of the analog FM carrier signal 716 varies in
proportion to the amplitude of the analog modulating baseband signal 210.
Thus, at time tl, the amplitude of the analog baseband signal 210 and the

frequency of the analog FM carrier signal 716 are at maximums. At time t3,
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the amplitude of the analog baseband signal 210 and the frequency of the
analog AM carrier signal 716 are at minimums. -

The frequency of the analog FM carrier signal 716 is typically centered
arou.nd the_ frequency qf the carrier signal 410. Thus, at time 2, for example,
when the amplitude of the anaiog baseband signal 210 is at a mid-point,
illustrated here as zero vblts, the frequency of the analog FM carrier signal 716
is substantially the same as the ﬁ‘equen'cy of the cérrier 'signél 410. |

FIG. 8A illustrates-the digital modulating bas_éband signal 310. FIG.
8B illustrates the carrier signal 410. FIG. 8C illus.trates' a digit_al' FM carrier
signal 816, which is generated when the carrier signal 410 is frequency
modulated usmg the dlgltal baseband signal 310. As used herein, the term
"dlgltal F M carrier 51gnal" is used to indicate that the modulatmg baseband
51gnal isa digital 51gnal _

The frequency of the digital FM carrier signal 816 varies as a function

of amplitude changes on the digital modulating baseband signal 310. In the

illustrated example, the frequency of the digital FM carrier signal 816 varies in

_prop_ortio_n to the amplitude of the digital modulatihg baseband signal 310.

Thus, between times t0 and tl, and between times t2 and t4, when the
amblitude of the digitél baseband signal 310 is at the higher amplitude second
state, the frequency of the digital FM carrier signal 816 is at a maximum.

Between times t1 and t2, when the amplitude of the digital baseband signal

310 is at the lower amplitude first state, the frequency of the digital FM carrier

signal 816 is at a minimum. Digital frequency modulation is often referred to

as frequency shift keying (FSK), and the terms are used interchangeably

throughout the specification.

Typically, the frequency of the digital FM carrier signal 816 is centered
about the frequency of the carrier signal 410, and the maximum and minimum
frequencies are equally offset from. the center.freque'ncy; Other variations can

be employed but, for ease of illustration, this convention will be followed

herein.
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1.1.3 Phase Modulation

In phase modulation (PM), the phase of the modulated carrier signal
FMC varies as a function of the amphtude of the modulating baseband signal
Fus. FIGS. 9A-9C illustrate example timing dlagrams for phase modulating
the carrier signal 410 with the analog modulating baseband signal 210. FIGS.
10A-10C illustrate example timing diagrams for phase modulating the carrier
signal 410 with the digital modulating baseband signal 310.

FIG. 9A illustrates the analog modulating baseband signal 210. FIG.
9B illustréteS the carrier signal 410. FIG. 9C illustrates an analog PM carrier
signal 916, which is generated by phase modulating the carrier signal 410 with
the analog baseband signal 210. As used herein, the term ;'analog PM carrier
signal” is used to indicate that the modulating baseband sfgnal .is an analog
signal. | | o

Generally, the frequency of the analog PM carrier signal 916 is
substantlally the same as the frequency of carrier signal 410. But the phase of
the analog PM carrier signal 916 varies with amphtude changes on the analog
modulatmg baseband signal 210. For relative comparison, the carrier s1gnal
410 is illustrated in FIG. 9C by a dashed line.

The phase of the analog PM carrier signal 916 varies as a function of

..aniplitude chehges of the analog baseband signal 210. In the illustrated

example, the phase of the analog PM signal 916 lags by a vai'ying amount as
determined by the amplitude of the l?aseband signal 210. For example, at
time tl, when the amplitude of the analog baseband signal 210 is at a
maximum, the analog PM carrier signal 916 is in phase with the carrier signal.
410. Between times t1 and t3, when the amplitude of the analog baseband.
signal 210 decreases to a minimum amplitude, the phase of the analog PM
carrier signal 916 lags the phase of the carrier signal 410, until it reaches a

maximum out of phase value at time t3. In the illustrated example, the phase
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~ change is illustrated as approximately 180 degrees.:- Any suitable amount of

phase change, varied in any manner that is a function of the baseband signal,

can be utilized. . _
FIG. 10A illustrates the ldigital modulating baseband signal 310. FIG.

10B illustrates the carrier signal 410. FIG. 10C illustrates a digital PM carrier

signal 1016, which- is geherated by phase modulaﬁng the carrier signal 410

with the digital baseband signal 310. As used herein, the term "digital PM

carrier signal” is used to indicate that the modulating baseband signal .is a
digital signal. .

The frequency of the dlgltal PM camer sxgnal 1016 is substantlally the
same as the frequency of carrier signal 410 The phase of the digital PM
carrier signal 1016 varies as a function of amplitude changes on the dlgltal
baseband mgnal 310. In the illustrated example, when the d1g1tal baseband
signal 310 is at the first state 312, the digital PM carrier signal 1016 is out of

| phase with the carrier signal 410. When the digital baseband signal 310 is at

the second state 314, the digital PM carrier signal 1016 is in-phase with the
carrier signal 410. Thus, between times tl and t2, when the amplitude of the
dlgltal baseband signal 310 is at the first state 312 the digital PM carrier
signal 1016 is out of phase with the carrier signal 410. Between times t0 and

t1, and between times t2 and t4, when the amphtude of the digital baseband

'signal 310 is at the second state 314, the digital PM carrier signal 1016 is in

phase with the carrier s1gna1 410.

In the illustrated example, t_hé out of phase value between times t1 and

t3 is illustrated as approximately 180 degreés out of phase. Any suitable

amount of phase change, varied in any manner that is a function of the

baseband signal, can be utilized. Digital phase modulatioh is often referred to

-as phase shift keying (PSK) and the terms are uséd intercharigeab_ly

‘throughout the specification.
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1.2 Demodulation -

When the modulated carrier signal Fyc is received, it can be
demodulated to extract the modulating baseband signal F,;. Because of the
typically high frequency of .modu.lated carrier signal Fyc, however, it is
generally impractical to demodulate the baseband sighal Fyp directly from the °
modulated carrier signal F,,.. Instead, the modulated carrier signal F,,,;c must .
be down-converted to a 10Wer frequency signal that contains the original
modulating baseband signal. | |

‘When a modulated carrier Signal is down-converted to a lower
frequency signal, the lower frequency signal is referred to herein as an
intermediate frequency (IF) signal Fi. Thé IF signal F;; oscillates at any -
frequency, or frequency band, below the frequency of the mbdulated'carriér '

frequency F,,.. Down-conversion of F,, to F; is illustrated as:
Fuc = Fie

After FMC is down-converted to the IF modulated carrier signal F P

can be demodulated to a baseband signal Founs as illustrated by:
Fit = Foms

Fpus is intended to be substantially similar to the modulating baseband signal
Fysp, illustrating that the modulating baseband signal Fy;z can be substantially
recovered. .. ' | .
It will be emphasized throughout the disclosure that the present
invention can be implemented with any type of EM signal, includihg, but not
limited to, modulated carrier sigﬂals and unmodulated carrier signals. The
above examples of modulated carrier signals are provided for illustrative

purposes only. Mahy variations to the examples are possible. For example, a
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carrier signal can be modulated with a plurality of the modulation types
described above. A carrier signal can also be modulated with a plurality of
baseband signals, including analog baseband signals, digital baseband signals,

and combinations of both analog and digital baseband signals.

2 Overview of the Invention

Conventional signal processing technique_é follow the Nyqliist
sampling theorem, which states that, in order to faithfully reproduce a samp]ed
signal, .the signal must be sampled at a rate that is greater than twice the
frequency of the signal being sampled. When a signal is sampled at less than
or eciuél to twice the frequency of the signal, the signal is said to be under-
sampled, or aliased. Conventional signal processing thus teaches away from

under-sampling and aliasing, in order to faithfully repi'oduce a sampled signal.

2.1 Aspécts of the Invention

- Contrary to conventional wisdom, the present invention is. a method

and system for down-converting an electromagnetic (EM) signal by aliasing

.the EM signal. -Aliasing is represented generally'in FIG. 45A as 4502.

By taking a carrier and aliasing it at an aliasing rate, the invention can
down-convert that carrier to lower 'frequencies. One aspect that can be
exploited by this invention is realizing that the carrier is not the item of

interest, the lower baseband signal is of interest to reproduce sufficiently. This

'baseband signal’s frequency content,'even though its carrier may be aliased,

does satisfy the Nyquist criteria and as a result, the baseband information can

_be sufficiently reproduced.

FIG. 12A depicts a flowchart 1201 that illustrates a method for éliasing

an EM signal to generate a down-converted signal. The process begins at step

11202, which includes receiving the EM signal. Step 1204 includes receiving

an aliasing signal having an aliasing rate. Step 1206 includes aliasing the EM
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signal to- down-convert the EM signal. The term aliasing, as used herein,
refers to both down-converting an EM signal by under-sampling the EM signal
at an aliasing rate and to down-converting an EM signal by transferring energy
from the EM signal at the aliasing rate. These concepts are described below.

FIG. 13 illustrates a block diagram of a Igeneric aliasing system 1302,
which includes an aliasing module 1306. . In an embodiment, the aliasing
system 1302 operates in accordailce with the flowchart 1201. For example, in
step 1202, the aliasing module 1306 receives an EM signal 1304. In step
1204, the aliasing module 1306 receives an aliasing signal 1310. In step 1206,
the aliasing module 1306 . down-converts the EM signal 1304 to a down-
converted signal 1308. The generic aliasing system 1302 can also be used to
implement any of the flowcharts 1207, 1213 and 1219.

In an embodiment, the invention down-converts the EM signal to an
intermediate frequency (IF) signal. FIG. 12B depicts a flowchart 1207 that
illustrates a method for under-sampling the EM signal at an aliasing rate to
down-convert the EM signal to an IF signal. The process begins at step 1208,
which includes receiving an EM signal. Step 1210 includes receiving an
aliasing signal having an aliasing rate F,z. Step 1212 includes under-sampling
the EM signal at the aliasing rate to down- convert the EM signal to an IF
signal.

In another embodiment, the invention down-converts the EM signal to
a demodulated baseband information signal. FIG. 12C depicts a flowchart
1213 that illustrates a method for down- converting the EM signal to a
démodulate'd baseband signal. The process begins at step 1214, which
includes receiving an EM signal..' Step 1216 includes receiving an aliasing
signal having an aliasing rate F,z. Step 1218 includes down-converting the
EM signal to a demodulated baseband signal. The demodulated baseband
signal can be processed without further down-conversion or demodulation.

In another embodiment,'the EM signal is a frequency modulated (FM)

signal, which is down-converted to a non-FM signal, such as a phase
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modulated (PM) signal or an amplitude modulated (AM) signal. FIG.. 12D
depicts a flowchart 1219 that illustrates a method for down-converting the FM
signal to a non-FM signal. The process begins at step 1220, which includes
receiving an EM signal. Step 1222 includes receiw’)ing-a‘n aliasing " signal

having an aliasing rate. ‘Step 1224 includes down-converting the FM signal to

“a non-FM signal.

The invention down-converts any type of EM signal, including, but not

limited to, modulated carrier signals and unmodulated carrier signals. For ease
of discussion, the invention is further described herein using modulated carrier
-signals for examples. Upon reading the disclosure and examples therein, one’

skilled in the relevant art(s) will understand that the invention can be

implemented to down-convert signals other than carrier signals as well.  The
invention is not limited to the example embodiments described above.
In an embodiment, down-conversion is accomplished by under-

sampling an EM signal. - This is described generally in Section 1.2.2. below

‘and in detail in Section IT and its sub-sections. In another embodiment, down-

conversion is achieved by transferring non-negligible amounts of energy from

‘an'EM signal. This is described generally in Section 1.2.3. below and in detail

in Section ITL. -

2.2  Down-Converting by Under-Sampling

The term aliasing, as used herein, refers both to down-converting an

EM signal by under-sampling the EM signal at an'alias_ing rate and to down-

converting an EM signal by transferring energy from the EM signal at the

aliasing raté. Methods for under-sampling an EM signal to down-convert the
EM signal are now described at an overview level. FIG. 14A depicts a
flowchart 1401 that illustrates a method for under-sampling the EM signal at

an aliasing rate to down-convert the EM signal. The process begins at step

1402, which includes receiving an EM signal. Step 1404 includes receiving an
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under-sampling signal having an aliasing rate. Step 1406 includes under-
sampling the EM signal at the aliasing rate to down-convert the EM signal.
Down-converting by under-sampling is illustrated by 4504 in FIG. 45A

and is described in greater detail in Section 1I.

2.2.1 Down-Converting to an Intermediate
Frequency (IF) Signal
In an embodiment, an EM signal is under-sampled at an aliasing rate to
down-convert the EM signal to a lower, or intermediate frequency (IF) signal.
The EM signal can be a modulated carrier signal or an unmodulated carrier
signal. In an exemplary example, a modulated carrier signal F,,. is down-

converted to an IF signal Fg. |
Fuc = Fie

FIG. 14B depicts a flowchart 1407 that illustrates a method for under-
sampling the EM signal at an aliasing rate to down-convert the EM signal to
an IF signal. The process begins at step 1408, which includes receiving an EM
signal. Step 1410 includes receiving an under-sampling signal héving an
aliasing rate. Step 1412 includes under-sampling the EM signal at the aliasing
rate to down-convert the EM signal to an IF signal.

This embodiment is illustrated generally by 4508 in FIG. 45B and is

described in Séction IL1.

2.2.2 Direct-to-Data Dou;n-Converting

In another embodiment, an EM signal is directly down-converted to a
demodulated baseband signal (direct-to-data down-conversion), by under-
sampling the EM signal at an aliasing rate. The EM signal can be a modulated

EM signal or an unmodulated EM signal. In an exemplary embodiment, the
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'EM signal is the modulated carrier signal Fy,c; and is directly down-converted

to a demodulated baseband signal Fpyg.
Fue = Fomp
FIG. 14C depicts a flowchart 1413 that illustrates a method for under-

sampling the EM signal at an aliasing rate to directly down-convert the EM

signal to a demodulated baseband signal. The process bcgins at step 1414,

‘which includes receiving an EM signal. Step 1416 includes receiving an

undef—sampling signal having an aliasing rate. Step 1418 includes under-

samphng the EM signal at the aliasing rate to directly down-convert the EM

=S1gnal toa baseband mformatlon signal.

ThlS embodiment is illustrated generally by 4510 in FIG. 45B and 1s.

-descnbed in Sectlon 11.2

2.2.3 Modulation Conversion

In another embodiment, a frequency modulated (FM) carrier signal

Femc is converted to a non-FM signal Fyonrvy by under-sampling the FM

carrier signal Feyc.

Femc = Foonem

FIG. 14D depicts a flowchart 1419 that illustrates a method fof under-

sampling an FM signal to convert it to a non-FM signal. The process begins at.

step 1420, which includes receiving the FM signal. Step 1422 includes

receiving an under-sampling signal having an aliasing rate. Step 1424
includes under-sampling the FM signal at the aliasing rate to convert the FM
signal to a non-FM signal. For example, the FM signal can be under-sampled

to convert it to a PM signal or an AM signal.
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- This embodiment is illustrated generally by 4512 in FIG. 45B, and

described in Section I1.3

2.3  Down-Converting by Transferring Energy

The term aliasing, as used herein, refers both to down-converting an
EM signal by undér—sampling the EM signal at an é]iasing rate and to down-
converting an EM signal by transferriﬁg non-negligible amounts energy from
the EM signal at the aliasing rate. Methods for transferring energy from an
EM signal to dbwn-convgrt the EM signal are now described at an overview
level. More detailed descriptions are provided in Section III.

FIG. 46A depicts a flowchart 4601 that illustrates a method for
transferring energy from the EM signal at an aliasing rate to down-convert the
EM signal. The process begins at step 4602, which includes receiving an EM ..
signal. Step 4604 includes receiving an energy transfer signal having an
aliasing rate. Step 4606 includes transferring energy from the EM signal at the
aliasing rate to down-convert the EM signal.

Down-converting by transferring energy is illustrated by 4506 in FIG.

45A and is described in greater detail in Section III.

2.3.1 Down-Converting to an Intermediate
Frequency (IF) Signal
In an embodiment, EM signal is down-converted to a lower, or
intermediate frequency (IF) signal, by transferring energy from the EM signal
at an aliasing rate. ‘The EM signal can be a modulated carrier signal or an
unmodulated carrier signal. In an exemplary example, a modulated carrier

signal F, is down-converted to an IF signal F ;.

FMé - Fy

PCT/US00/09911



10

15

20

25

WO 00/64042

-52-

FIG. 46B depicts a flowchart 4607 that illustrates a method for
transferring energy from the EM signal at an aliasing rate to down-convert the
EM signal to an IF signal. The process begins at step 4608, which includes

receiving an EM signal. Step 4610 includes receiving an energy transfer

| signal having an aliasing rate. Step 4612 includes transferring energy from the

EM signal at the aliasing rate to down-convert the EM Signal to an IF signal.
This embodiment is illustrated generally by 4514 in FIG. 45B and is -
described in Section III.1.

2.3.2 Direct-to-Data Down-Converting

In - another embodiment, an EM signal is down-converted to a

 demodulated baseband signal by transferring energy from the EM signal at an -

- aliasing rate. This embodiment is referred to herein as direct-to-data down-

conversion. The EM signal can be a modulated EM signal or an unmodulated
EM signal. In an exemplary embodiment, the EM signal is the modulated

carrier signal F,,, and is directly down-converted to a demodulated baseband -

:' signal Fpyp.

Fyc — Foms

FIG. 46C depicts a flowchart 4613 that illustrates a method for

: transferring energy from the EM signal at an aliasing rate to directly down-

_ convert the EM signal to a demodulated baseband signal. The process bégins

at _stép 4614, which includes receiving an EM signal. Step 4616 includes
receiving an energy transfer signal having an aliasing rate. Step 4618 includes

transferring energy from the EM signal at the aliasing rate to directly down-

convert the EM signal to a baseband signal.

This embodiment is illustrated generally by 4516 in FIG. 45B and is

~described in Section I11.2
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2.3.3 Modulation Conversion

" In another embodiment, a frequency modulated (F M) carrier signal
Fruc is converted to a non-FM sngnal F(NON M) by transferrmg energy from the

FM carrier signal Femc at an ahasmg rate.

Femc— F (NON-FM)

The FM carrier signal Fp,- can be “converted to, for exainple, a phase
modulated (PM) signal or an amplitude modulated (AM) signal. FIG. 46D
depicts a flowchart 4619 that illustrates a method for transferring energy from
an FM signal to convert it to a non-FM signal. Step 4620 includes receiving
the FM signal. Step 4622 includes receiving an energy transfer signal having
an aliasing rate. In FIG. 46D, step 4612 includes transferring energy from the
FM signal to convert it to a non-FM signal. For example, energy can be
transferred from an FSK signal to convert it to a PSK signal or an ASK signal.
This embodiment is illustrated genefally by 4518 in FIG. 45B, and

described in Section I11.3

2.3 Determining the Aliasing Rate

In accordance with the definition of aliasing, the aliasing rate is equal
to, or less than, twice the frequency of the EM carrier signal. Preferably, the
aliasing rate is much less than the frequency of the carrier signal. The aliasing
rate is preferably more than twice the highest frequency component of the
modulating baseband signal F,; that is to be reproduced. The above

requirements are illustrated in EQ. (1).

2¢ Fc 2 F,p > 2¢ (Highest Freq. Component of F,;) EQ. (1)
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In other words, by taking a carrier and aliasing it at an aliasing rate, the

" invention can down-convert that carrier to lower frequencies. One aspect that

can be exploxted by this invention is that the carrier is not the item of interest;
instead the lower baseband signal is of interest to be reproduced sufﬁclently
The baseband signal’s frequency content, even though its carrier may be

aliased, satisfies the Nyquist criteria and as a result, the baseband information

can be sufficiently reproduced, either as the intermediate modulating carrier.

signal F; or as the demodulated direct-to-data baseband signal Fpy.

In accordance with the invention, relationships between the frequency

~ of an EM carrier signal, the aliasing rate, and the intermediate frequency of the

~ down-converted signal, are illustrated in EQ. (2).

Fe=neF 2 Fp L EQ(Z)

| Whete:

Fcisthe frequéncy of the EM carrier signal that is to be aliased;
F,p is the aliasing rate;

n identifies a harmonic or sub-harmonic of the aliasing rate (generally,

'n=0.5,1,2,3,4,...); and

F, is the intermediate frequency of the down-converted signal.
Note that as (n * F,g) approaches F., F; approaches zero. This is a

special case where an EM signal is directly down-converted to a demodulated

" baseband signal. - This special case is referred to herein as Direct-to-Data
~down-conversion. Direct-to-Data down-conversion is described in later

sections.

High level descriptions, exemplary embodiments and exemplary

implementations of the above and other embodiments of the invention are

~ provided in sections below.
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3. Benefits of the Invention Using an Example Cdnventio_nal
Receiver for Comparison

FIG. 11 illustrates an example conventional receiver system 1102. The
conventional system 1102 is provided both to help the reader to understand the
functional differences between conventional systems' and the present
invention, and to help the reader to understand the benefits of the present
invention.

The example conventional receiver system 1102 receives an
electromagnetic (EM) signal 1104 via an antenna 1106. The EM signal 1104
can include a plurality of EM signals such as modulated carrier signals. For
example, the EM signal 1104 includes one or more radio frequency (RF) EM
signals, such as a 900 MHZ modulated carrier signal. Higher frequency RF
signals, such as 900 MHZ signals, generally cannot be directly processed by
conventional signal processors. Instead, higher frequency RF signals are
typically down-converted to lower intermediate frequencies (IF) for
processing. The receiver system 1102 down-converts the EM signal 1104 to
an intermediate frequency (IF) signal 1108n, which can be provided to a signal
processor 1110. . When the EM signal 1104 includes a modulated carrier
signal, the signal processor 1110 usually includes a demodulator that
demodulates the IF signal 1108n' to a baseband information signal
(demodulated baseband signal).

Receiver system 1102 includes an RF stage 1112 and one or more IF

stages 1114. The RF stage 1112 receives the EM signal 1104. The RF stage

1112 includes the antenna 1106 that receives the EM signal 1104.

The one or more IF stages 1114a-1114n down-convert the EM signal
1104 to consecutively lower intermediate frequencies. Each of the one or
more IF sections 1114a-1114n includes a mixer 1118a-1118n that down-
converts an input EM signal 1116 to a lower frequency IF signal 1108. By
cascading the one or more mixers 1118a-1118n, the EM signal 1104 is

incrementally down-converted to a desired IF signal 1108n.
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In operation, each of the one or more ‘mixers 1118 mixes an 'input EM
signal 1116 with a local oscillator (LO) signal 1119, Which fs generated by a
local oscillator (LO) 1120. Mixing generates sum and difference signals from
the input EM signal 1116 and the LO signal -1119.- For example, mixing an
input EM signal 1116a, having a frequency of 900 MHZ, with a LO signal
1119a, having a frequency of 830 MHZ, results in a sum signal, having a
frequency of 900 MHZ + 830 MHZ = 1.73 GHZ, and a difference signal,
having a frequency of 900 MHZ - 830 MHZ = 70 MHZ.

Specifically, in the example of FIG. 11, the one 6r more mixers 1118
generate a sum and difference signals for all signal components in the input
EM signal 1116. For example, when the EM signal 1116a includes a second
EM signal, having a frequency of 760 MHZ,. the mixer 1118a generates a -

*second sum _signal; having a frequency of 760 MHZ + 830 MHZ = 1.59 GHZ,
‘and a second difference signal, having a frequency of 830 MHZ - 760 MHZ =
70 MHZ. In this-example, therefore, -mixing two input EM signals, having.

frequencies of 900 MHZ and 760 MHZ, respectively, with an LO signal .
having a frequency of 830 MHZ, results in two IF signals at 70 MHZ.

Generally, it is very difficult, if not impossible, to separate the two 70
MHZ signals. Instead, one or more filters 1122 and 1123 are provided
upstream from each mixer 1118 to filter the unwanted frequencies, also known
as image frequencies. The filters 1122 and 1123 can include various filter.
topologies and arrangements such as bandpass filters, one or more high pass
filters, one or more low pass filters, combinations thereof, etc.

Typically, the one or more mixers 1118 and the one or more filters
1122 and 1123 attenuate or reduce the strength of the EM signal 1104. For
example, a typical mixer reduces the EM signal strength by 8 to 12 dB. A

typical filter reduces the EM signal strength by 3 to 6 dB.’

As a result, one or more low noise amplifiers (LNAs) 1121 and 1124a-
1124n are provided upstream of the one or more filters 1123 and 1122a-1122n.

The LNAs and filters can be in reversed order. The LNAs compensate for
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losses in the mixers 1118, the filters 1122 and 1123, andother components by
increasing the EM signal strength prior to filtering and mixing. Typically, for
example, each LNA contributes 15 to 20 dB of amplification. .

- However, LNAs require substantial power to operate.  Higher
frequency LNAs require more power than lower frequency LNAs. When the
receiver system 1102 is intended to be portable, such as a cellular telephone
receiver, for example, the LNAs require a substantial portion of the total
power.

At higher frequencies, impedance mismatches between the various
stages further reduce the strength of the EM signal 1104.  In order to optimize
power transferred through the receiver system 1102, each component should
be impedance matched with adjacent-.components. Since no two components
have the exact same impedance characteristics, even for components that were
manufactured with high tolerances, impedance matching must often be:
individually fine tuned for each receiver system 1102. As a result, impedance
matching in conventional receivers tends to be labor intensive and more art -
than science. Impedance matching requires a significant amount of added time
and expense to both the design and manufacture of conventional receivers.
Since many of the components, such as LNA, filters, and impedance matching
circuits, are highly frequency dependent, a receiver designed for one
application is generally not suitable for other applications. Instead, a new
receiver must be designed, which requires new impedance matching circuits
between many of the components.

Conventional receiver components are typically positioned over
multiple IC substrates instead of on a single IC substrate. This is partly
because there is no single substrate that is optimal for both RF, IF, and
baseband frequencies. Other factors may include the sheer number of
components, their various sizes and different inherent impedance .

characteristics, etc. Additional signal amplification is often required- when
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- going from -chip to chip.- Implementation over ‘multiple substrates thus

involves many costs in addition to the cost of the ICs'themselves. -
Conventional receivers thus require many components, are difficult

and time consuming -to design. and - manufacture, and require substantial

- external power to maintain sufficient signal levels. Conventional receivers are

thus expensive to design, build, and use.

In an embodiment, the present invention is implemented to replace

many, if not all, of the components between the antenna 1106 and the signal

~processor 1110, with an aliasing module that includes a universal frequency

translator (UFT) module. (More generally, the phrase “universal frequency

translator,” “universal frequency translation,” “UFT,” “UFT transform,” and

“UFT téchnology” (or similar phrases) are used herein to refer to the

frequency translation technology/concepts described herein.) The '[.IFTfis able
to dowf;_-convert a wide range of EM signal frequencies using very few

components. The UFT is easy to design and build, and requires very little

‘external power. The UFT design can be easily tailored for different

frequencies or frequency ranges. For example, UFT design can be easily
impedance . matched with relatively little tuning. In a direct-to-data
embodiment of the invention, where an EM signal is directly down-converted

to a demodulated baseband signal, the invention also eliminates the need for a

‘demodulator in the signal processor 1110.

When the invention is implemented in a receiver system, such as the -

receiver system 1102, power consumption is significantly reduced and signal

‘to noise ratio is significantly increased. -

In an embodiment, the invention can be implemented and: tailored for

specific applications with easy to calculate and easy to implement impedance

matching circuits. As a result, when the invention is implemented as a

receiver, such as the receiver 1102, specialized impedance matching

‘experience is not required.
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In conventional receivers, components in the IF sections comprise
roughly eighty to ninety percent of the total components of the receivers. The
UFT design eliminates the IF section(s) and thus eliminates the roughly eighty
to ninety percent of the total components of conventional receivers.

- Other advantages of the invention include, but are not limited to:

The invention can be implemented as a receiver with only a single
local oscillator;

The invention can be implemented as a receiver with only a single,
lower frequency, local oscillator;

The invention can be implemented as a receiver using few filters;

The invention can be implemented as a receiver using unit delay filters;

The invention can be implemented as a receiver that can change
frequencies and receive different modulation formats with no hardware
changes;

The invention can be also be implemented as frequency up-converter in
an EM signal transmitter; '

The invention can be also be implemented as a combination up-
converter (transmitter) and down-converter (receiver), referred to herein as a
transceiver;

The invention can be implemented as a method and system for
ensuring reception of a communications signal, as disclosed in co-pending
patent application titled, “Method and System for Ensuring Reception of a
Communications Signal," Attorney Docket No. 1744.0030000, incorporated
herein by reference in its entirety; _

The invention can be implemented in a differential configuration,
whereby signal to noise ratios are increased; |

A receiver designed in accordance with the invention can be

implgmented on a single IC substrate, such as a silicon-based IC substrate;
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A receiver designed in accordance with the invention and implemented

“on a single IC substrate, such as a silicon-based IC- substrate, can down-

convert EM signals from frequencies in the giga Hertz range;

-+ A receiver built in accordance with the invention has a relatively flat

response over a wide range of frequencies. For example, in'an embodiment, a

receiver built in accordance' with the invention to operate around 800 MHZ has -

a substantially flat response (i.e., plus or minus a few dB of power). from 100

MHZ to 1 GHZ. This is referred to herein as a wide-band receiver; and

A receiver built in accordance with the invention can include multiple,
user-selectable, Impedance match modules, each designed for a different wide-
band of frequencies, which can be used to scan an ultra-wide-band of

frequencies.

II.  Down-Converting by Under-Sampling

L Down-Converting en EM .'Cﬁrrier Signal to an EM

Intermediate Signal by Under- Sampling the EM Carrier
Signal at the Aliasing Rate

- In an embodiment, the invention down-converts an EM signal to an IF

signal by under-sampling the EM signal. This embodiment is illustrated by

‘4508 in FIG. 45B.

This embodiment can be implemented with modulated and
unmodulated EM signals. This embodiment is described herein using the
modulated carrier signal Fy, in FIG. 1, as an example. In the example, the
modulated carrier signal F),c is down-converted to an IF signal F. The IF
signal F;F can then be demodulated, with any conventional demodulation

technique to obtain a demodulated baseband signal Fpyg. Upon reading the

'disclosﬁre and examples thérein, one skilled in the relevant art(s) will

understand that the invention can be implemented to down-convert any EM

signal, including but not limited to, modulated carrier signals and unmodulated

‘carrier signals.
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The following sections describe example methods for down-converting
the modulated carrier signal Fy to the IF signal F;, according to embodiments
of the invention. Exemplary structural embodiments for implementing the
methods are also described. It should be understood that the invention is not
limited to the particular embodiments described below. Equivalents,
extensions, variations, deviations, etc., of the following will be apparent to
persons skilled in the relevant art(s) based on the teachings contained herein.
Such equivalents, extensions, variations, deviations, etc., are within the scope
and spirit of the present invention.

The following sections. include a high level discussion, example

embodiments, and implementation examples.

1.1  High Level Description

This section (including its subsections) provides a high-level
description of down-converting an EM signal to an IF signal F; according to
an embodiment of the invenﬁon. In particular, an operational process of -
under-sampling a modulated carrier signal F,,. to down-convert it to the IF
signal Fyg, is described at a high—leVel. A]so, a structural implementation for
implementing this process is described at a high-level. This structural
implementation is described herein for illustrative purposes, and is not
limiting. In particular, the process described in this section can be achieved
using any number of structural implementations, one of which is described in
this section. The details of such structural implementations will be apparent to

persons skilled in the relevant art(s) based on the teachings contained herein.

1.1.1 Operational Description

FIG. 14B depicts a flowchart 1407 that illustrates an exemplary

method for under-sampling an EM signal to down-convert the EM signal to an
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intermediate- signal Fj;. - The -exemplary method: illustrated -in the flowchart -
1407 is an embodiment of the flowchart 1401 in FIG. 14A. = -
Any and all combinations of modulation techniques are valid for this -

invention.  For ease of discussion, the digital AM carrier signal 616 is used to

- illustrate a high level operational description of the invention. - Subsequent

sections provide detailed flowcharts and descriptions for AM, FM and PM

~example embodiments. Upon reading the disclosure and examples therein,

one skilled in the relevant art(s) will understand that the invention can be

implemented to down-convert any type of EM signal, including any form of
modulated carrier signal and unmodulated carrier signals.

The method illustrated in the flowchart 1407 is now déscribed at a high

“level using the digital AM carrier signal 616 of FIG. 6C. The digital AM

carrier signal 616 is re-illustrated in FIG. 15A for convenience. FIG. 15E
illustrates a portion 1510 of the AM carrier signal 616, between time t] and t2,
on an expanded time scale. |

The process begins at step 1408, which includes receiving an EM

“signal. Step 1408 is represented by the digital AM carrier signal 616.

Step 1410 includes receiving an under-sampling signal having an

aliasing rate F ;. FIG., 15B illustrates an example uhder-sampling signal 1502,

which includes a train of pulses 1504 having negligible apertures that tend

- toward zero time in duration. The pulses 1504 repeat at the aliasing rate, or

pulse repetition rate. Aliasing rates are discussed below.

Step .1412 includes under-sampling the EM signal at the aliasing rate to

" down-convert the EM signal to the intermediate signal F;;. When down-

converting an EM signal to an IF signal, the frequency or aliasing rate of the

pulses 1504 sets the IF.

FIG. 15C illustrates a stair step AM intermediate signal 1506, which is

_generated by the down-conversion process. The AM intermediate signal 1506

is similar to the AM carrier signal 616 except that the AM intermediate signal
1506 has a lower frequency than the AM carrier signal 616. The AM carrier
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signal 616 has thus been down-converted' to the AM intermediate signal 1506.
The AM intermediate signal 1506 can be generated at any frequency below the
frequency of the AM carrier signal 616 by adjusting the aliasing rate.

FIG. 15D depicts the AM intermediate signal 1506 as a filtered output
signal 1508. In an alternative embodiment, the invention outputs a stair step,
non-filtered or partially filtered output signal. The choice between filtered,
partially filtered and non—ﬁlfered output signals is generally a design choice .
that depends upon the épplication of the invention.

The intermediate frequency of the down-converted signal Fy , which in
this example is the AM intermediate signal 1506, can be determined from EQ.

(2), which is reproduced below for convenience.
Fc=neF,tFe : - EQ.(?)

A suitable aliasing rate F,; can be determined in a variety.of ways. An
example method for determining the aliasing rate F,, is provided below.-
After reading the description herein, oné skilled in the relevant art(s) will
understand how to detérmine appropriate aliasing rates for EM signals ,
including ones in addition to the modulated carrier signals specifically
illustrated herein.

In FIG. 17, a ﬂchhart 1701 illustrates an example process for

determining an aliasing rate F,;. But a designer may choose, or an application

| may dictate, that the values be determined in an order that is different than the

illustrated order. The  process begins at step 1702, which includes.
determining, or_.selecting, the frequency of the EM signal. The frequency of
the FM carrier signal 616 can be, for example, 901 MHZ.

Step 1704 includes determining, or selecting, the intermediate
frequency. This is the frequency to which the EM signal will be down-

converted. The intermediate frequency can be determined, or selected, to
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match a frequency requirement of a down-stteam  demodulator. The
intermediate frequency can be, for examplé, 1MHZ. -
- Step 1706 includes determining the aliasing rate or rates that will
down-convert the EM signal to the IF specified in step 1704. -
5 EQ. (2) can be rewritten as EQ. (3):

neFup=F1tE: =~ EQ.(3)

-

Which can be rewritten as EQ. (4):

"~ F-tF ' S o &
10 n=-—F | . EQ. (4)
or as EQ. (5):
F- t F
R = - IE EQ. (5)
_ (F¢ £ Fy) can be defined as a difference value Fpy, as illustrated in '
“EQ. (6):
(Fc 2 Fip) = Fope : o EQ. (6)
20
EQ. (4) can be rewritten as EQ. (7):
n= Foee : ' " EQ.(7)
Far : o
25 ' From EQ. (7), it can be seen that, for a given n and a constant F g, Fp,e

“is constant. For the case of Fy = F¢ - Fy, and for a constant Fye, as Fe

increases, F; necessarily increases. For the case of Fpee = Fc + Fy, and for a -
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constant Fp, as Fc increases, Fy; necessarily decreases. In the latter case of
Fore = Fc + Fyp, any phase or frequency changes on F¢ correspond to reversed
or inverted phase or frequency changes on Fy.. This is mentioned to teach the
reader that if Fpe = Fc + Fy is used, the above effect will affect the phase and
frequency response of the modulated intermediate signal F;.

EQs. (2) through (7) can be solved for any valid n. A suitable n can be
determined for any given difference frequency Fpy: and for any desired
a]iasirig rate Fappesieay EQS. (2) through (7) can be utilized to identify a
specific harmonic closest to a desired aliasing rate F,gpegieqy that will generate
the desired intermediate signal F,;. | '

An example is now provided for determining a suitable n for a given
difference frequency Fp, and for a desired'aliasing rate Fpppeqreqy FOr €ase of

illustration, only the case of (F ¢ - Fig) is illustrated in the example below.

F-Fg Foirr

FAR(Desired) FAR(Desired)

n=

The desired aliasing rate F,ppesrq can be, for example, 140 MHZ.
Using the previous examples, where the carrier frequency is 901 MHZ and the

IF is 1 MHZ, an initial value of n is determined as:

_ 901MHZ-1MHZ 900 _
0=""TlaoMBZ 140

64
The initial value 6.4 can be rounded 'up or down to the valid nearest n, which
was defined above as including (0.5, 1, 2, 3, . . .). In this example, 6.4 is

rounded down to 6.0, which is inserted into EQ. (5) for the case of (Fc-Fp) =

Forpe-:
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o EL_E

FAR= Can
901 MHZ- 1MHZ 900 MHZ .
Fpp=— " — = - = 150 MHZ

ln other words under-samplmg a 901 MHZ EM camer sxgnal at 150

'MHZ generates an 1ntermed1ate signal at 1 MHZ. When the under—sampled

EM carrier signal is a modulated carrier signal, the intermediate signal will

also substantlally include the modulatlon The modulated intermediate s1gnall

can be demodulated through any conventional demodulation techmque _
Altematlvely, mstead of starting from a desued ahasmg rate, a hst of

sultable ahasmg rates can be determined from the modified form of' EQ (5),

by solvmg for various values of n. Example solutlons are listed below

(Bc-Fr) Fype 901MHZ-1MHZ 900 MHZ
n - n - n B n

Solving forn=0.5, 1,2, 3, 4, 5 and 6:

900 MHZ/0.5 = 1.8 GHZ (i.e., second harmonic, illustréfed in FIG.

25A as 2502);

900 MHZ/] = 900 MHZ (ie., fundamental frequency, 1llustrated in

FIG. 25B as 2504);

900 MHZ/2 = 450 MHZ (i.e., second sub-harmonic, illustx_'ated in FIG.
25C 2s 2506); |
900 MHZ/3 = 300 MHZ (i.e., third sub-harmonic, illustrated in FIG

25D as 2508); |
900 MHZ/4 = 225 MHZ (i.e., fourth sub-harmonic, illustrated in FIG.

25E as 2510);
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900 MHZ/5 = 180 MHZ(i.e., fifth sub-harmonic, illustrated in FIG.
25F as 2512); and

900 MHZ/6 = 150 MHZ(i.e., sixth sub-harmonic, illustrated in FIG.
25G as 2514).

The steps described above can be performed for the case of (Fc+F ) in
a similar fashion. The results can be compared to the results obtained from the
case of (F-F,z) to determine which provides better result for an application.

In an embodiment, the invention down-converts an EM éignal to a
relatively standard IF in the range of, for example, 100KHZ to 200 MHZ. In
another embodiment, referred to herein as a small off-set implementation, the
invehtion down-converts an EM signal to a relatively low frequency of, for
example, less than 100 KHZ. In another embodiment, referred to herein as a
large off-set implementation, the invention down-converts an EM signal toa
relatively higher IF signal, such as, for example, above 200 MHZ.

The various off-set imﬁlementations provide selectivify for different
applications. Generally, lower data rate applications can operate at lower
intermediate frequencies. But higher intermediate frequencies can allow more
information to be supported for a given modulation technique. '

In accordance with the invention, a designer picks an optimum

information bandwidth for an application and an optimum intermediate

frequency to support the baseband signal. The intermediate ﬁjequency should
be high enough to support the bandwidth of the modulating baseband signal
Fus- |

Generally, as the ahasmg rate approaches a harmomc or sub-harmonic

.frequency of the EM signal, the frequency of the down-converted IF signal

decreases. Similarly, as the aliasing rate moves away from a harmonic or sub-
harmonic frequency of the EM signal, the IF increases. |

Aliased frequencies occur above and below every harmonic of the

-aliasing frequency. In order to avoid mapping other aliasirig frequencies in the
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~ band of the aliasing frequency (IF) of interest, the IF of interest is preferably

not near one half the aliasing rate.
As-described in example implementations below, an aliasing module,
including a universal frequency translator (UFT) module built in accordance

with the invention, provides a wide range of flexibility in frequency selection

" and can thus be implemented in a wide range of applications. Conventional

systems cannot easily offer, or do not allow, this level of flexibility in

- frequency selection.

1.1.2" - Structural Description

. FIG. 16 iilﬁstrates a block diagram of an'gnder—sampling System 1602
accordiﬁg. t6 an erhbodifnent_ of the invention. The undef—sampling system
1602 is an example embodiment of the generi.c. aliasing éystem i302 in FIG.
13. The under-sampling system. 1602 inc_]ude_s an under-sampling module
1606. The under-sampling module 1606 receives the EM.signal 1304 and an
under-sampling signal 1604, which includes under-sampling pulses having
negligiblé apertures that tend towards zero time, occurring at a frequency
eqﬁal to the aliasing rate F,. Tile under-sampling signal 1604 is an example
embodiment of the aliasing signal 1310. The under-sampling module 1606
under-samples the EM signal 1304 at .the aliasing rate F,z of the under-
samp]ing signal 1604. The under-samplihg system ]602 outputs a down-
converted signal 1308A. | o

Preferablf, the under-sampling module 1606 under-samples the EM

signal 1304 to down-convert it to the intermediate signal F; in the manner

shown in the operational flowchart 1407 of FIG. 14B. But it should be
understood that the scope and spirit of the invention includes other structural
embodiments for performing the steps of the flowchart 1407. The specifics of
the other structural embodiments will be apparent to persons skilled in the

relevant art(s) based on the discussion contained herein. In an embodiment,
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the aliasing rate F 5, of the under-sampling signal 1604 is chosen in the manner
discussed in Section II.1.1.1 so that the under-sampling module 1606 under-
samples the EM carrier signal 1304 generating the intermediate frequency F.

The operation of the under-sampling system 1602 is now described
with reference to the flowchart 1407 and to the timing diagrams in FIGS. 15A-
D. In step 1408, the under-sampling module 1606 receives the AM signal 616
(FIG. 15A). In step 1410, the under-sampling module 1606 receives the
under-sampling signal 1502 (FIG. 15B). In step 1412, the under-sampling
module 1606 under-samples the AM carrier signal 616 at the aliasing rate of
the under-sampling signal 1502; or a multiple thereof, to down-convert the
AM carrier signal 616 to the intermediate signal 1506 (FIG. 15D).

Example implementations of the under-sampling module 1606 are

provided in Sections 4 and 5 below.

1.2  Example Embodiments

Various embodiments related to the method(s) and structure(s)
described above are presented in this section (and its subsections). These
embodiments are described herein for purposes of illustration, and not
limitation. The invention is not limited to these embodiments. Alternate
embodiments (including equivalents, extensions, variations, deviations, etc., of
the embodiments described herein) will be apparent to persons skilled in the
relevant art(s) based on the teachings contained herein. The invention is
intended and adapted to include such alternate embodiments.

The method for down-converting the EM signal 1304 to the
intermediate signal Fy, illustrated in the flowchart 1407 of FIG. 14B, can be

implemented with any type of EM signal, including unmodulated EM carrier

~ signals and modulated carrier signals including, but not limited to, AM, FM,

PM, etc., or any combination thereof. Operation of the flowchart 1407 of FIG.
14B is described below for AM, FM and PM carrier signals. The exemplary
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descriptions ‘below ‘are intended. to facilitate an:understanding of the present
invention. The present invention is not limited to or by the exemplary

embodiments below.

1.2.1 First Example Embodiment: Amplitude
Modulation

1.2.1.1  Operational Description

~ Operation of the exemplary process of the flowchart 1407 in FIG. 14B
is described below for the analog AM carrier signal 516, illustrated in FIG. 5C,.

“and for the digital AM carrier signal 616, illustrated in FIG. 6C.

1.2.1.1.1 Analog AM Carrier Signal

A process for down-converting the analog AM carrier signal 516 in

_FIG. 5C to an analog AM intermediate signal is now described with_"reférence
‘to the flowchart 1407 in FIG. 14B. The analog AM carrier signal 516 is re-
illustrated in FIG. 19A for convenience. For this example, the analog AM -
-carrier signal 516 oscillates at approximately 901 MHZ. In FIG. 19B, an
‘analog AM carrier signal 1904 illustrates a portion of the analog AM carrier

signal 516 on an cxpanded time scale.

The process begins at step 1408, which mcludes receiving the EM

signal. This is represented by the analog AM carrier signal 516 in FIG. 19A.

Step 1410 includes receiving an under-sampling signal having an -
aliasing rate F,z. FIG. 19C illustrates an example under-sampling signal 1906

on approximately the same time scale as FIG. 19B.  The under-sampling

signal 1906 includes a train of pulses 1907 having negligible apertures that

tend towards zero time in duration. The pulses 1907 repeat at the aliasing rate,

or pulse repetition rate, which is determined or selected as previously

described. Generally, when down-converting to an intermediate signal, the -

aliasing rate F,; is substantially equal to a harmonic or, more typically, a sub-
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harmonic of the difference frequency Fp. For this example, the aliasing rate
is approximately 450 MHZ.

Step 1412 includes under-sampling the EM signal at the aliasing rate to
down-convert the EM signal to the intermediate signal F.. Step 1412 is
illustrated in FIG. 19B by under-sample points 1905.

Because a harmonic of the aliasing rate is off-set from the AM carrier
signal 516, the under-sample points 1905 “walk through” the analog AM
carrier signal 516. In this example, the under-sample points 1905 “walk
through” the analog AM carrier signal 516 at a;iproximately a one megahertz

rate. In other words, the under-sample points 1905 occur at different locations

.on subsequent cycles of the AM carrier signal 516. As a result, the under-

sample points 1905 capture varying amplitudes of the analog AM signal 516.
For example, undef—sample point1905A has a larger amplitude than under-
sample point 1905B.

In FIG. 19D, the under-sample poinfs 1905 correlate to voitage points
1908. In an embodiment, the voltage points 1908 form an analog AM
intermediate signal 1910. This can be accomplished in many wéys. For
example, each voltage point 1908 can be held at a relatively constant level
until the next voltage poiﬁt is received. This results in a stair-step output
which can be smoothed or ﬁlte‘red if desired, as discussed below.

In FIG. 19E, an AM intermediate signal 1912 represents. the AM
intermediate signal 1910, after filtering, on a compressed time scale. Although
FIG. 19E illustrates the AM intermediate sighal 1912 as a filtered oﬁtput
signal, the output signal does not need to be filtered or smoothed to be within
the scope of the invention. Instead, the output signal can be tailoréd for
different applications.

The AM intermediate signal 1912 is substantially similar to the AM
carrier signal 516, except that the AM intermediate signal 1912 is at the 1
MHZ intermediate frequency. The AM intermediate signal 1912 can be
demodulated through any conventional AM demodulation technique.
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' .The drawings referred to herein illustrate frequency- down-conversion

in accordance with the invention. For example, the AM intermediate signal -

1910 in FIG. 19D and the AM intermediate signal 1912 in FIG. 19E illustrate -

" that the AM carrier signal 516 was successfully down-converted -to an -

intermediate signal by retaining enough baseband information for sufficient -

reconstruction.

1.2.1.1.2 Digital AM Carrier Signal

A process for down-converting the digital AM carrier signal 616 in |

FIG.6Ctoa digital AM intermediate signal is now described with reference to

the ﬂowchart ]407 in FIG. 14B. The digital. AM carrier signal 616 is re-

1llustrated in FIG. 18A for convenience. For this example the dlgltal AM

' carrier 51gnal 616 osclllates at approxrmately 901 MHZ. In FIG. 18B, an AM :
. camer signal 1804 illustrates a portion of the AM 51gnal 616 from txme t0 to

_ tl on an expanded time scale.

The process begins at step 1408, which includes receiving an EM
51gnal This is represented by the AM 51gnal 6161 in FIG. 18A.

Step 1410 mcludes receiving an under-samplmg s1gnal havmg an

' aliasing rate Fp. F 1G. 18C illustrates an example under-sampling signal 1806

on approxlmately the same time scale as FIG 18B. The under-sampling
signal 1806 includes a train of pulses 1807 havmg neghglble apertures that

tend towards zero time in duration. The pulses 1807 repeat at the aliasing rate,

"or pulse repetition rate, which is determined or selected as previously

described. Generally, when down- converting to an intermediate signal, the
aliasing rate F, is substantially equal to a harmonic or, more typically, a sub-

harmonic of the difference frequency Fpye. For this example, the aliasing rate -

' is approximately 450 MHZ.
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Step 1412 includes under-sampling the EM signal at the aliasing rate to
down-convert the EM signal to the intermediate signal Fy..- Step 1412 is
illustrated in FIG. 18B by under-sample points 1805.

Because a harmonic of the aliasing rate is off-set from the AM carrier
signal 616, the under-sample points 1805 walk through the AM carrier signal
616. In other words, the under-sample points 1805 occur at different locations
of subsequent cycles of the AM signal 6.1'6. As a result; the under-sample
points 1805 capture various amplitudes of the AM signal 616. In this
example, the under-sample points 1805 walk through the AM carrier signal
616 at approximately a 1 MHZ rate. For example, under-sample point 1805A
has a larger amphtude than under-sample pomt 1805B.

In FIG. 18D, the under-sample points 1805 correlate to voltage pomts
1808. In an embodiment, the voltage points 1805 form an AM intermediate
signal 1810 This can be accomplished in many ways For example, each
voltage point 1808 can be held at a relatively constant level until the next
voltage point is received. This results in a starr—step output whrch can be
smoothed or filtered if desired, as discussed below.

In FIG. 18E, an AM intermediate signal 1812 represents the AM
intermediate signal 1810, after filtering, on a compressed time scale. Although
FIG. 18E illustrates the AM intermediate signal .1812 as a ﬁltere(l output
signal, the output sigrnal does not need to be filtered or smoothed to be within
the scope of the invention. Instead, the output signal can be tailored for
drfferent appllcatl ons. | |

The AM intermediate signal 1812 is.substanti.ally similar to thel AM
carrier signal 616, except that the AM intermediate signal 1812 is at the 1
MHZ intermediate frequency. The AM intermediate signal 1812 can be
demodulated through any conventional AM demodulation technique.

The drawings referred to herein illustrate frequency down-conversion
in accordance with the invention. For example, the AM intermediate signal

1810 in FIG. 18D and the AM intermediate signal 1812 in FIG. 18E illustrate

PCT/US00/09911



10

15

20

‘WO 00/64042

-74 -

that the AM carrier ‘signal 616 was successfully down-converted to an

intermediate signal by retaining enough baseband information for sufficient

. reconstruction. -

1.2.1.2  Structural Description

The operation of the under-Sampling systetn 1602 is now described for
the analog AM carrier signal 516, with reference to the flowchart 1407 and to
the timing diagrams. of FIGS. 19A-E. In step 1408, the under-sampling
module 1606 receives the AM carrier signal 516 (FIG. 19A) In step 1410, the

under-samphng module 1606 receives the under—samplmg signal 1906 (FIG-
. 19C) In step 1412, the under-sampling module 1606 under-samples the AM

carrier 51gnal 516 at the a.hasmg rate of the under-samplmg signal 1906 to
down-convert it to the AM intermediate signal 1912 (FIG 19E).

The operatlon of the under-samplmg system 1602 is now described for

the dlglta] AM carrier 31gnal 616, with reference to the ﬂowchart 1407 and to
‘the timing diagrams of FIGS. 18A-E. In step 1408, the under-samplmg

module 1606 receives the AM carrier signal 6]6 (FIG. 18A) In step 1410, the

'under-samplmg module 1606 receives the under—samplmg signal 1806 (FIG

18C) In step 1412 the under-samphng module 1606 under-samples the AM

-camer s1gnal 616 at the aliasing rate of the under-samplmg 31gnal 1806 to

down-convert 1t to the AM intermediate signal 1812 (F 1G. 18E)

Example 1mplementatlons of the under-samplmg module 1606 are_

provxded in Sect:ons 4 and 5 below.
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1.2.2 Second Example Embodiment: Frequency
Modulation

1.2.2.1 Operational Description

Operation of the exemplary process of the flowchart 1407 in FIG. 14B
is described below for the analog FM carrier signal 716, illustrated in FIG. 7C,
and for the digifal FM carrier signal 816, illustrated in FIG. 8C.

1.2.2.1.1 Analog FM Carrier Signal

A process for down-converting the analog FM carrier signal 716 to an
analog FM intermediate signal is now "described with reference to the
flowchart 1407 in FIG. 14B. The analog FM carrier signal 716 is re-illustrated
in FIG. 20A for convenience. For this example, the analog FM carrier signal
716 oscillates at approximately 901 MHZ. In FIG. 20B, an FM carrier signal
2004 illustrates a portion of the analog FM carrier signal 716, from time t1 to
t3, on an expanded time scale.

The process begins at step 1408, which includes receiving an EM
signal. This is represented in FIG. 20A by the FM carrier signal 716.

Step 1410 includes receiving an under-sampling signal having an
aliasing rate F ;. FIG. 20C illustrates an example under-sampling signal 2006
on approximately the same time scale as FIG. 20B. The under-sampling
signal 2006 includes a train of pulses 2007 having negligible apertures that
tend towards zero time in duration. The pulses 2007 repeat at the aliasing rate
or pulse repetition rate, which is determined or selected as previously
described. Generally, when down-converting to an intermediate signal, the
aliasing rate F,; is substantially equal to a harmonic or, more typically, a sub-
harmonic of the difference frequency F. For this example, where the FM
carrier signal 716 is centered around 901 MHZ, the aliasing rate is

approximately 450 MHZ.

PCT/US00/09911



10

15

20

25

30

WO 00/64042

-76 -

Step 1412 includes under-sampling the EM signal at the aliasing rate to
down-convert the EM signal to the intermediate signal F.. Step 1412 is
illustrated in FIG. 20B by under-sample points 2005.

Because a harmonic of the aliasing rate is off-set from the FM carrier
signal 716, the und_er—samble points 2005 océur at different locations of
subsequent cycles of the under-sémpled signai 716. In other words, the under-

sample points 2005 walk through the signal 716. As a result, the under-sample

-points 2005 capture various amplitudes of the FM carrier signal 716.

In FIG. 20D, the under-sample points 2005 correlate to voltage points
2008. In an embodiment, the voltage points 2005 form an analog FM
intermediate signal 2010. This can be accomplished in many W’ays. For
example, each voltage point 2008 can be held' at a relatively constant level
until the next voltage point is received. Thié results- in a stair-step output
which can be smoothed or filtered if desired, as discussed below.

In FIG. 20E, an FM intermediate signal 2012 illustrates the FM
intermediate signal 2010, after filtering, on a compressed time scale. Altﬁough |
FIG. 20E illustl;ate's the FM intermediate signal 2012 as a ﬁltéred. output

signal, the output signal does not need to be filtered or smoothed to be within

‘the scope of the invention. Instead, the output signal can be tailored for

‘different applications.

The FM intermediate signal 2012 is substantially similar to the FM
carrier signal 716, except that the FM intermediate signal 2012 is at the 1
MHZ intermediate frequency. The FM intermediate signal 2012 can be

. demodulated through any conventional FM demodulation technique.

The drawings referred to herein illustrate frequency down-conversion

in accordance with the i_m)ention. For example, the FM intermediate signal

2010 in FIG. 20D and the FM intermediate signal 2012 in FIG. 20E illustrate

that the FM carrier signal 716 was successfully down-converted to an

intermediate signal by retaining enough baseband information for sufficient

‘reconstruction.
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1.2.2.1.2 Digital FM Carrier Signal

A process for down-converting the digital FM carrier signal 816 to a
di éital FM intermediate signal is now described with reference to the
flowchart 1407 in FIG. 14B. The digital FM carrier signal 816 is re-iilustrated
in FIG. 21A for convenience. For this exanrple, the digital FM carrier signal
816 oscillates at approximately 901 MHZ. In FIG. 21B, an FM carrier signal
2104 illustrates a portion of the FM carriér signal 81 6, from time tl to t3, on
an expanded time scale | '

The process begins at step 1408, which includes receiving an EM
srgnal This is represented in FIG. 21A, by the FM carrier signal 816.

Step 1410 includes recelvmg an under—samplmg signal havmg an
aliasing rate F,;. FIG. 21C illustrates an example under-sampling srgnal 2106
on approximately the same time scale as.FIG 21B. The imde’r-samplingl
srgnal 2106 1ncludes a train of pulses 2107 having neghglble apertures that
tend toward zero time in duration. The pulses 2107 repeat at the ahasmg rate
or pulse repetltlon rate, ‘which is determined or selected as prev1ously.
described. Generally, when down-converting 'to an intermediate signal, the |
aliasing rate F,; is substantially equal to a harmonic or, more typically, a sub-
harmonic of the difference frequency Foe. 1n this example, where the FM.
carrier srgna] 816 is centered around 901 MHZ the ahasmg rate is selected as
approxrmately 450 MHZ, which is a sub-harmonic of 900 MHZ, which is off-
set by 1 MHZ from tho center 'frequency of the FM carrier signal 816. |

Step 1412 includes under-sampling the EM signal at the aliasing rate to
down-convert the EM signal to an irrtermediate signal F. Step 1412 is
illustrated in FIG. IQZIB by under-sample points 2105.

Because a harmonic of the aliasing rate is off-set from the FM carrier
signal 816, the under-sample points 2105 occur at different locations of

subsequent cycles of the FM carrier signal 816. In other words, the under-
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sample points 2105 walk through the signal 816. ‘As a result, the under-sample

- points 2105 capture various amplitudes of the signal 816. -

In FIG. 21D, the under-sample points 2105 correlate to voltage points
2108. In an embodiment, the voltage points 2108 form a digital FM

" intermediate signal 2110. This can be acco'mplishcd in many ways. For

. example, each voltage poini 2108 can be held at a relatively constant level

until the next voltage point is received. This results in a stair-step output
which can be smoothed or filtered if desi_red, as described below. -

In FIG. 21E, an FM intermediate signal 2112 represents. the FM
intermediate signal 2110, after filtering, on a compressed time scﬂe. -Although
FIG. 21E illustrates t_he_FM intermediate signal 2112 as a filtered output

signal, the output signal does not need to be filtered or smoothed to be within

‘the scope of the invention. Instead, the output signal can be tailored for

. different applications.

The FM intermediate sighal 2112 is substantially similar to the FM

~carrier signal 816, except that the FM intermediate signal 2112 is at the 1
‘MHZ intermediate frequency.. The FM intermediate signal 2112 can be

demodulated through any conventional FM demodulation teéhnique.

The drawings referred to herein illustrate frequency down-conversion

in accordance with the invention. For example, the FM intermediate signal
2110 in FIG. 21D and the FM intermediate signal 2112 in FIG. 21E illustrate
that the FM carrier signal 816 was successfully down-converted to an

_intérmediate signal by retaining enough baseband information for sufficient

reconstruction.

1.2.2.2  Structural Description

The operation of the under-sampling system 1602 is now described for

the analog FM carrier signal 716, with reference to the flowchart 1407 and the
tirﬁing diagrams of FIGS. 20A-E. In step 1408, the under-sampling module
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1606 receives the FM carrier signal 716 (FIG. 20A). In step 1410, the under-

sampling module 1606 receives the under-sampling signal 2006 (FIG. 20C).
In step 1412, the under-sampling module 1606 under-samples the FM carrier
signal 716 at the aliasing rate of the under-sampling signal 2006 to down-
convert the FM carrier signal 716 to the FM intermediate signal 2012 (FIG.
20E).

- The operation of the under-sampling system 1602 is now described for
the digital FM carrier signal 816, with reference to the flowchart 1407 and the
timing diagrams of FIGS. 21A-E. In step 1408, the under-sampling module .
1606 receives the FM carrier signal 816 (FIG. 21A). In step 1410, the under-
sampling module 1606 receives the under-sampling signal 2106 (FIG. 21C).
In step 1412, the under-sampling module 1606 under-samples the FM carrier
signal 816 at the aliasing rate of the under-sampling signal 2106 to down-
convert the FM carrier signal 816 to the FM intermediate signal 2112
(FIG. 21E).

Example implementations of the under-sampling module 1606 are

provided in Sections 4 and 5 below.

1.2.3 Third Example Embodiment: Phase
Modulation

1.2.3.1 Operational Description

Operation of the exempiar_y process of the ﬂchhart 1407 in FIG. 14B

is described below for the analog PM carrier signal 916, illustrated in FIG. 9C,

and for the digital PM carrier signal 1016, illustrated in FIG. 10C.

1.2.3.1.1 Analog PM Carrier Signal

A process for down-converting the analog PM carrier signal 916 to an
analog PM intermediate signal is now described with reference to the

flowchart 1407 in FIG. 14B. The analog PM carrier signal 916 is re-illustrated
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in FIG. 23A for convenience. For this examiple, the analog PM carrier signal
916 oscillates at approximately 901 MHZ. In FIG. 23B, 4 PM carrier signal
2304 illustrates a portion of the analog PM cartier signal 916, from time tl to

13, on‘an expanded time scale.

The process of down-converting the PM carrier signal 916 to a PM
intermediate signal begins at step 1408, which includes receiving an EM
signal. This is represented in FIG. 23A, by the analog PM carrier signal 916.

Step 1410 includes receiving an under-sampling signal ‘having an
aliasing rate F,;. FIG. 23C illustrates an example under-sampling signal 2306
on approximately the same time scale as FIG. 23B. The under-sampling-
signal 2306 includes a train of pulses 2307 having negligible apertures that
tend towards zero time in duration. The pulses 2307 repeat at the aliasing rate,
or pulse repetition rate, which is determined or -selected as previously

described. ‘Generally, when down-converting to an intermediate signal, the

aliasing rate F g is substantially equal to a harmonic or, more typically, a sub-

harmonic of the difference frequency Fp. In this example, the aliasing rate is
approximately 450 MHZ.

Step 1412 includes under-sampling the EM signal at the aliasing rate to
down-convert the EM signal to the intermediate signal F.. Step 1412 is
illustrated in FIG. 23B by under-sample points 2305.

Because a harmonic of the aliasing rate is off-set from the PM carrier
signal 916, the under-sample points 2305 occur at different locations of
subsequent cyéles of the PlM carrier signal 916. As a result, the under—samble
points capturé various amplitudes of the PM carrier signal 916. |

In FIG. 23D, voltage points 2308 correlafe to the under-satﬁple points
2305. In an eﬁlbodiment, the voltage points 2308 form an analog PM
intermediate signal 2310. This can be accomplished in many ways. For
example, each voltage point 2308 can be held at a relatively constanf level

until the next voltage point is received. This results in a stair-step output

~ which can be smoothed or filtered if desired, as described below.
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In FIG. 23E, an analog PM -intermediate signal 2312 illustrates the
analog PM intermediate signal 2310, after filtering, on a compressed time
scale. Although FIG. 23E illustrates the PM intermediate signal 2312 as a
filtered output signal, the output signal does not need to be filtered or
smoothed to be within the scope of the invention. Instead, the output signal
can be tailored for different applications. _

The analog PM intermediate signal 2312 is substantially eimilar to the
analog PM carrier signal 916, except that the analog PM intermediate signal
2312 is at the 1 MHZ intermediate frequency. The analog PM intermediate
signal 2312 can be demodulated through any conventional PM demodulation
technique.

The drawingé referred to herein illustrate frequency down-conversion
in accordance with the. invention. For example, the analog PM intermediate
signal 2310 in FIG. 23D and the analog PM intermediate signal 2312 in FIG.
23E illustrate that the analog PM carrier signal 2316 was successfully down-
converted to an intermediate signal by retaining enough baseband information

for sufficient reconstruction.

1.2.3.1.2 Digital PM Carrier Signal

A process fer down-conQe_rting the digital PM carrier signal 1016 fo a
digital PM intermediate signal. is now ldescribed with reference to the
flowchart 1407 in FIG. 14B. The digital. .PM carrier signal 1016 is re-
illustrated in FIG. 22A for convenience. For this exainple, the digital PM
carrier signal 1016 oscillates at approximately 901 MHZ. In FIG. 22B, a PM
carrier signal 2204 illustrates a portion of the digital .PM carrier signal 1016,
from time t1 to t3, on an expanded time scale. - |

The .process begins at Step 1408, which includes receiving an EM

signal. This is represented in FIG. 22A by the digital PM carrier signal 1016.
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Step 1408 includes- receiving an under-sampling. signal: having an .
aliasing rate F,. FIG. 22C illustrates example under-sampling signal 2206 on

approximately the same time scale as FIG. 22B. The under-sampling signal -

- 2206 includes ‘a train of pulses 2207 having negligible apertures that tend

towards zero time in duration. The pulses 2207 repeat at the aliasing rate, or a

“pulse repetition rate, which is determined or selected as previously described.

Generally, when down-converting to an intermediate signal, the aliasing rate
F .r is substantially equal to a harmonic or, more typically, a sub-harmonic of

the difference frequency FD,FF.. In this - example, the aliasing rate is

| approximately 450 MHZ.

Step 1412 includes under-sampling the EM signal at the aliasing rate to
down-convert the EM signal to an intermediate signal Fj.. Step 1412 is
1llustrated in FIG. 22B by under-sample points 2205. -

Because a harmonic of the aliasing rate is off-set from the PM carrier

‘signal 1016, the under-sample points 2205 occur at dxfferent locations of

“subsequent cycles of the PM carrier signal 1016.

~ InFIG. 22D, voltage points 2208 correlate to the under-sample points
2205. In an embodiment, the voltage points 2208 form a digital analog PM

_intermediate signal 2210. This can be accomplished in many ways. . For

.example, each voltage point 2208 can be held at a relatively constant level

until the next voltage point is received. This results in a stair-step output

.which can be smoothed or filtered if desired, as described below.

In FIG. 22E, a digital PM intermediate signal 2212 represents -the
dlgltal PM intermediate signal 2210 on a compressed tlme scale. Although

FIG. 22E illustrates the PM intermediate s1gnal 2212 as a filtered output

‘signal, the output signal does not need to be filtered or smoothed to be within

the scope of the invention. Instead, the output signal can be tailored for

different apphcatlons

The digital PM intermediate signal 2212 is substantlally similar to the

digital PM carrier signal 1016, except that the digital PM intermediate signal
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2212 is at the 1 MHZ intermediate frequency. - The digital PM carrier signal
2212 can be demodulated through any conventional PM demodulation - .
technique. |

The drawings referred to herein illustrate frequency down-conversion
in accordance with the invention. For example, the digital PM intermediate
signal 2210 in FIG. 22D and the digital PM intermediate signal 2212 in FIG.
22E illustrate that the digital PM carrier signal 1016 was successfully down-_

. converted to an intermediate signal by retaining enough baseband information

for sufficient reconstruction.

1.2.3.2  Structural Description

The operation of the under-sampling system 1602 is now described for
the analog PM carrier signal 916, with reference to the flowchart 1407 and the
timing diellgrafns of FIGS. 23A-E. In step 1408, the under-sampling module
1606 receives the PM carrier éignal 916 (F IG. 23A). In step 1410, the under- -
sampling module 1606 receives the under-sémpling signal 2306 (FIG. 23C). -
In 's_t'ella 1412, the under-sampling module 1606 under-samples the PM carrier -
signal 9.16' at the aliasing rate of the under-sampling signal 2306 to _dowﬁ-
convert the PM carrier signal 916 to the PM intermediate signal 2312 (FIG.
23E). | .

The operation of the under-sampling system 1602 is now described for
the digital PM carrier signal 1016, with reference to the flowchart 1407 and |
the timing diagrams of FIGS. 22A-E. In ste.p' 1408, the undér-sémpling
module 1606 receives the PM carrier signal 1016 (FIG. 22A). In step 1410,
the under-sampling module 1606 receives the under-sampling signal 2206
(FIG. 22C). In step 1412, the under-sampling module 1606 under-samples the
PM carrier signal 1016 at the aliasing rate of the under-sampling signal 2206
to down-convert the PM carrier signal 1016 to the PM intenhediate signal

2212 (FIG. 22E).
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Example implementations of the under-sampling ‘module 1606 are

provided in Sections 4 and 5 below.

- 1.2.4 Other Embodiments

The .embodiments described above are provided for purposes of

“illustration. These embodiments are not intended to limit the invention.

Alternate embodiments, differing slightly or substantially from those described
herein, will be apparent to persons skilled in the relevant art(s) based on the
teachings contained herein. Such alternate embodiments fall within the scope

and spirit of the present invention. Example implementations of the under-

' sampling module 1606 are provided in Sections 4 and 5 below.

1.3 Implementation Examples

Exemplary operational and/or structural implementations related to the -
method(s), structure(s), andfor embodiments described above are presented in
Sections 4 and 5 below. The 1mplementatlons are presented for purposes of
illustration, and not limitation.  The invention is not llmlted to the particular
implementation examples described therein. Alternate implementations

(including equivalents, extensions, variations, deviations, etc., of those

~described herein) will be apparent to persons skilled in the relevant art(s)

based on the teachings contained herein. Such alternate implementations fall

“within the scope and spirit of the present invention. .

2. Dlrectly Down-Convertmg an EM Stgnal toa Baseband

Signal (Direct-to-Data)

In an embodiment, the invention directly down-converts an EM signal
to a baseband signal, by under-sampling the EM signal. This embodiment is

referred to herein as direct-to-data down-conversion and is illustrated in.FIG.

|45B as 4510.
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This embodiment can be implemented with modulated and
unmodulated EM signals. This embodiment is. described herein using the
modulated carrier signal F,, in FIG. 1, as an example. In the example, the
modulated carrier signal F,, is directly down-converted to the demodulated
baseband signal Fpy. Upon reading the disclosure and examples therein, one
skilled in the relevant art(s) will understand that the invention is applicable to
down-convert any EM signal, including but not limited to, modulated carrier
signals and unmodulated carrier sign;a_ls. - |

The following sections describe example methods for directly down-
converting the modulated carrier signal Fyc to the demodulated baseband
signal Fpys. Exemplary structural embodiments for implementing the
methods are also described. It should .be understood that the invention is not
limited to the particular efnbodiments described below. Equivalents,
extensions, variations, deviations, etc., of the .fbllowing will be apparent to
pefsons skilled in the relevant ért(s) based on the teachings contained herein.
Such equivalents, extensions, variations, deviafions, etc;, are within the scope.
and spirit of the present invention. |

The following sections include a high level discussion, example.

embodiments, and implementation examples.

2.1  High Level Description

This section (including its subsections) provides a high-level
description of directly down-converting the modulated carrier signal Fy to the
demodulated baseband signal Fp,;, according to the invention. In particular,
an operational process of directly down-converting the modulated carrier
signal F,c to the demodulated baseband signal Fpy, is described at a-high-
level. Also, a structural implementation for implementing this process is
described at a high-level. The structural implementation is described herein

for illustrative purposes, and is not limiting. In particular, the process
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described in " this section can be achieved using any number of structural

implementations, one of which is described in this section.: The details of such'

structural implementations will be apparent to persons skilled in the relevant
art(s) based on the teachings contained herein. '
2.1.1 Operational Description

FIG. 14C depicts a flowchart 1413 that illustrates an exemplarj(
method for directly down—convertmg an EM signal to a demodulated baseband

51gna1 Foms. The exemp]ary method illustrated in the flowchart 1413 is an’

embodiment of the ﬂowchart 1401 in FIG. 14A

Any and all combinations of modulatlon technlques are valid for thlS

'mventlon For ease of dlscussmn the d1g1ta1 AM carrier signal 616 is used to -
'1llustrate a hlgh level operatlonal description of the mventlon Subsequent

_secnons provide detailed descriptions for AM and PM example embodlments |

FM presents special considerations that are dealt with separately in Sectlon

I1. 3 below. Upon reading the disclosure and examples therem one skllled in
the relevant art(s) will understand that the 1nvent10n can be 1mplemented to
‘down-convert any type of EM signal, including any form of modulated camer

'51gnal_and unmodulated carrier signals.

The method illustrated in the flowchart 1413 is now described .at a high
level using the digital AM carrier signal 616, from FIG. 6C. The digital AM
carrier signal 616 is re-i llustrated in FIG. 33A for convenience.

The process of the flowchart 1413 begins at step 1414, which includes

receiving an EM signal. Step 1414 is represented by the digital AM carrier.

signal 616 in FIG. 33A.

Step 1416 includes feceiving an under;sam'pling signal having an
aliasing rate F,;. FIG. 33B illustrates an example under-sampling signal 3302
which includes a train of pulses 3303 having negligible apertures that tend

towards zero time in duration. The pulses 3303 repeat at the aliasing rate or
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pulse repetition rate. The aliasing rate is determined in accordance with EQ.

(2), reproduced below for convenience.

Fc=neF*Fg EQ. (2)
When directly down-converting an EM signal to baseband ( i.e., zero
IF), EQ. (2) becomes:

Fe=n<Fp EQ.(®)

Thus, to directly dowh-convert the AM signal 616 to a demodulated baseband
signal, the aliasing rate is substantially equal td the frequency of the AM
signal 616 or to a harmonic or sub-harmonic thereof. Although the aliasiﬂg
rate is too low to permit reconstruction of higher frequency components of the
AM signal 616 (ie., the _cai'rier frequency), it is high enough to permit .
substantial reconstruction of the lower frequency modulating baseband signal
310. | | |
Step 1418 includes under-sampling the EM signal at the aliasing rate to
directly down-convert it to the demodulated baseband signal Fpyg. FIG. 33C
illustrates a stair step demodulated baseband signal 3304, which is generated
by fhe direct down-conversion process.. The demodulated baseband signal
3304 is similar to the digital modulating baseband signal 310 in FIG. 3. |
FIG. 33D depicts a filtered demodulated baseband signal 3306, which
can be generated from the stair step demodulated baseband signal 3304. The
invention can thus generate a filtered ouiput signal, a partially filtered output
signal, or a relatively unfiltered stair step output signal. The choice between
filtered, pﬁrtially filtered and non-filtered output signals is generally a design

choice that depends upon the appliéation of the invention.
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2.1.2 Structural Description - " -

FIG. 16 illustrates the block diagram of the under-sampling system
1602 according to an embodiment of the invention. The under-sampling
system 1602 is an example embodiment of the generic aliasing system 1302 in
FIG. 13. -

In a direct to data embodiment, the frequency of the under-sampling
signal 1604 is substantially equal to a harmonic of the EM signal 1304 or,
more typically, a sub-harmonic thereof Preferably, the under-sampling module

1606 under-samples the EM signal 1304 to directly down-convert it to the

-demodulated baseband signal Fy,;, in the manner shown in the operational

flowchart 1413. But it should be understood that the scope and spirit of the

invention includes other structural embodiments for performing the steps of

the flowchart 1413. The specifics of t_he'other structural embodi_ments will be

apparent to persons skilled in the relevant art(s) based on the discussion -

contained herein.

_ The operation of the aliasing system 1602 is now described for the
digital AM carrier signal 616, with reference to the flowchart 1413 and to the
timing diagrams in FIGS. 33A-D. In step 1414, the under-sampling module.

1606 receives the AM carrier signal 616 (F1G. 33A). In step 1416, the under-

'sampling module 1606 receives the under-sampling si_gnal 3302 (FIG. 33B).

In step 1418, the urider-sampling module 1606 under-samples the AM carrier

signal 616 at the aliasing rate of the under-sampling signal 3302 to directly

‘down-convert the AM carrier signal 616 to the demodulated baseband signal

3304 in FIG. 33C or the filtered demodulated baseband signal 3306 in FIG.
33D.

Example implementations of the under-sampling module 1606 are

provided in Sections 4 and 5 below.
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2.2  Example Embodiments

Various embodiments related to the method(s) and structure(s)
described above are presented in this section (and its subsections). These
embodiments are described herein for purposes of illustration, and not
limitation. The invention is not limited to .these embodir.nents.. Alternate
embodiments (including equivalents, extensions, variations, deviations, etc., of
the embodiments described herein) will be apparent to persons ékilled in the
relevant art(s) based on the teachings contained heréin. The invention is
intended and adapted to include such alternatel embodiments. |

The method for down-converting the EM signal 1304 to the
demodulated baseband signal Fpys, illustrated in the flowchart 1413 of FIG.
14C, can be implementéd with any type EM signal, including modulated
carrier signals, including but not limited to, AM, PM, etc.., or any combination
thereof. Operation of the flowchart 1413 of FIG. 14C is deséfibed below for
AM and PM carrier signals. The exemplary descriptions below are intended to
facilitate an understanding of the present invention. The presenf invention is

not limited to or by the exemp]afy embodiments below.

2.2.1 First Example Embodiment: Athplitude
Modulation

2.2.1.1 Operational Description

Operation of the exemplary process of the flowchart 1413 in FIG. 14C
is described below for the analog AM carrier signal 516, illustrated in FIG. 5C
and for the digital AM carrier signal 616, illustrated in FIG. 6C.

2.2.1.1.1 Analog AM Carrier Signal

A process for directly down-converting the analog AM carrier signal

516 to a demodulated baseband signal is now described with reference to the
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‘flowchart 1413 in FIG. 14C.. The analog AM: carrier ‘signal 516.is re-

illustrated in 35A for convenience. For this example, the analog AM carrier

_signal 516 oscillates at approximately 900 MHZ. In FIG. 35B, an analog AM:

carrier signal 3504 illustrates a portion of the analog AM carrier signal 516 on
an expanded time scale. | _ _
The process begins at step 1414, which includes ..receiving an EM
signal. This is represented ‘by the analog AM carrier signal 516. _
Step 1416 includes fe_ceiving an under—samplling signal héving an.

aliasing rate F,;. FIG. 35C illustrates an example under-sampling signal 3506

- on approximately the same time scale as FIG. 35B. The under-sampling

signal 3506 includes a train of pulses 3507 having negligible apertures that
tend towards zero time in duration. The pulses 3507 repeat at the aiiasing rate
or pulse repetition rate, which is determined or selected as previously

described.  Generally, when directly down-converting to a demodulated

‘baseband signal, the aliasing rate F,; is substantially equal to' a harmonic or,
. more typically, a sﬁb—hannonic of the under-sampled signal. In this example;

-the aliasing rate is approxiniately 450 MHZ.

Step 1418 includes under-sémpling the EM signal at the aliasing rate to -
directly down-convert it to the demodulated baseband signal Fpy. Step 1418

is illustrated in FIG. 35B by under- sample points 3505. Because a harmonic
-of the aliasing rate is substantially equal to the frequency of the signal 516,
_essentially no IF is produced. The only substantial aliased component is the -

baseband signal.

In FIG. 35D, voltaige. points 3508 correlate to the under-sample points -
3505. In an embodiment, the voltage points' 3508 form a demodulated
baseband signal 3510. This can be accomplished in many ways. For example,
each voltage point 3508 can be held at a relatively constant level until the next

voltage point is received. This results in a stair-step output which can be

.-smoothed or filtered if desi.red_, as described below.
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In ‘FIG. 35E, a demodulated baseband signal 3512 represents the
demodulated baseband signal 3510, after filtering, on a compressed time scale.
Although- FiG. 35E illustrates the demodulated baseband signal 3512 as a
filtered output signal, the output signal does not need to be -filtered or
smoothed to be within the scope of the invention. Instead, the output signal
can be tailored for different applications.

The demodulated baseband signal 3512 is substantially similar to the
modulating baseband signal 210. The demodulated baseband signal 3512 can
be .processed using any signal processing technique(s) without further down-
conversion or demodulation.

The aliasing rate of the under-sampling signal is preferably controlled
to optimize the demodulated baseband signal for amplitude output and
polarity, as desired.

In the example above, the under-sample points 3505 occur at positive
locations of the AM carrier signal 516. Alternatively, the under-sample points
3505 can occur at other locations including negative points of the analog AM
carrier signal 516. When the under-sample points 3505 occur at negative -
locations of the AM carrier signal 516, the resultant demodulated baseband
signal is inverted relative to the modulating baseband signal 210.

- The drawings referred to herein illustrate direct to data down-
conversion in accordance with the invention. For example, the demodulated
baseband signal 3510 in FIG. 35D and the demodulated baseband signal 3512
in FIG. 35E illustrate that the AM carrier signal 516 was successfully down-
converted to the demodulated basebard signal 3510 by retaining enough

baseband information for sufficient reconstruction.

2.2.1.1.2 Digital AM Carrier Signal

A process for diréctly down-converting the digital AM carrier signal

616 to a demodulated baseband signal is now described with reference to the
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flowchart 1413 in FIG.-14C." The digital AM cartiér-signal 616 is re-illustrated
iri FIG.-36A for convenience.  For this example, the digital-AM carrier signal
616 ‘oscillates at approximately 901 MHZ. In FIG. 36B, a digital AM carrier

signal 3604 illustrates a portion of the digital AM carrier signal 616 on an

expanded time scale.

The process begins at step 1414, which includes -receiving an EM

| signal. This is represented by the digital AM carrier signal 616.

Step 1416 includes receiving an under-sampling signal having an

 aliasing rate F,z. FIG. 36C illustrates an example under-sampling signal 3606

~on approximately the same time scale as FIG. 36B. The under-sampling

signal 3606 includes a train of pulses 3607 having negligible apertures that

tend towards zero time in duration. The pulses 3607 repeat at the aliasing rate

" or pulse repetition rate, which is determined or selected as previously
described. Generally, when directly down-converting to a- demodulated

" baseband signal, the aliasing rate F,, is substantially equal to a harmonic or, '

more typically, a sub-harmonic of the under-sampled signal. In this example,
the aliasing rate is approximately 450 MHZ. . '
Step 1418 includes under-sampling the EM signal at the aliasing rate to

 directly down-convert it to the demodulated baseband signal Fp,\;. Step 1418

is illustrated in FIG. 36B by under- sample points 3605. Because the aliasing

rate is substantially equal to the AM carrier signal 616, or to'a harmonic or

~ sub-harmonic thereof, essentially no IF is produced. The only substantial

 aliased component is the baseband signal.

In FIG. 36D, voltage points 3608 correlate to the under-sample points
3605. In an embodiment, the voltage points 3608 form a demodulated
baseband signal 3610. This can be accomplished in many ways. For example,

each voltage point 3608 can be held at a relatively constant level until the next

~ voltage point is received. This results in a stair-step output which can be

~ smoothed or.ﬁltered. if desired, as described below.
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- .In FIG. 36E, a demodulated baseband signal 3612 represents the
demodulated baseband signal 3610, after filtering, on a compressed time scale.
Although FIG. 36E illustrates the demodulated baseband signal 3612 as a
filtered output signal, the output signal does not need to be filtered or
smoothed to be within the scope of the invention. Instead, the output signal
can be tailored for different applications.

The demodulated baseband signal 3612 is substantially similar to the
digital modulating baseband signal 310. The demodulated analog baseband
signal 3612 can be processed using any signal proéessing technique(s) without
further down-conversion or demodulation.

The aliasing rate of the under-sampling signal is preferably controlled
to. optimize the demodulated baseband signal for amplitude output and
polarity, as desired.

In the example above, the under-sample points 3605 occur at positive
locations of signal portion 3604. Alternatively, the under-sample points 3605
can occur at other locations including negative locations of the signal portion
3604. When the under-sample points 3605 occur at negative points, the
resultant demodulated baseband signal is inverted with respect to the
modulating baseband signal 310.

The drawings referred to herein illustrate frequency down-conversion
in accordance with the invention. For example, the demodulated baseband
signal 3610 in FIG. 36D and the demodulated baseband signal 3612 in FIG.
36E illustrate that the digital AM carrier signal 616 was successfully down-
converted to the demodulated baseband signal 3610 by retaining enough

baseband information for sufficient reconstruction. -

2.2.1.2  Structural Descriﬁtion

The operation of the under-sampling module 1606 is now described for

the analog AM carrier signal 516, with reference to the flowchart 1413 and the
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timing diagrams ‘of FIGS: 35A-E. In step 1414, the under-sampling module
1606 receives the analog AM carrier signal 516 (FIG. 35A). In step 1416, the
under-sampling module 1606 receives the under-sampling sighal 3506 (FIG.
35C). In step 1418, the undér-s_ampling module 1606 under—sample_:é the
a'nalog' AM carrier signal 516 at the aliasing rate of thé under—sémpling signal
3506 to directly to down-convert the AM carrier signal 516 to the demodulated
analog baseband signal 3510 in FIG. 35D or to the filtered demodulated
analog baseband signal 3512 in FIG 35E. |

The operatlon of the under-sampling system 1602 is now descnbed for

" the digital AM carrier signal 616, with reference to the flowchart 1413 and the
‘timing diagrams of FIGS. 36A-E. In step 1414; the under¥sampling module

1606 receives the dlgxtal AM carrier signal 616 (FIG 36A) In step 1416, the
under-sampling module 1606 receives the under-samphng signal 3606 (FIG

36C). In step 1418, the under-samphng -module 1606 under-samples the
digital AM carrier signal 616 at the aliasing rate of the under-sampling signal

3606 to.down-convert the digital AM carrier signal 616 to the demodulated
digital baseband signal 3610 in FIG. 36D or to the filtered demodulated digital
baseband signal 3612 in FIG. 36E.

Example implementations of the under-sampling module 1606 are

provi'ded in Sections 4 and 5 below.

2.2.2 Second Example Embodiment: Phase
Modulation

2.2.2.1 Operational Description

" Operation of the exemplary process of the flowchart 1413 in FIG. 14C
is described below for the analog PM carrier signal 916, illustrated in FIG. 9C,
and for the digital PM carrier signal 1016, illustrated in FIG. 10C..
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2.2.2.1.1 Analog PM Carrier Signal

A process for directly down-converting the analog PM carrier signal
916 to a demodulated baseband signal is now described with reference to the
flowchart 1413 in FIG. 14C. The analog PM carrier signal 916 is re-illustrated
in 37A for convenience. For this example, the analog PM carrier signal 916
oscillates at approximately 900 MHZ. In FIG. 37B, an analog PM carrier
signal 3704 illustrates a portion of the analog PM carrier signal 916 on an
expanded time scale. | '

The process begms at step 1414, which includes recelvmg an EM
sighal. This is represented by the analog PM signal 916.

Steb 1416 includes receiving an under-sampling sighal having an
al.ias”ing rate F,;. FIG. 37C illusfrafes an example under-eampling signal 3706
on approximately the same time scale as FIG. 37B. The under-sampling
signal 3706 includes a train of pulses 3707 havmg negligible apertures that
tend towards zero time in duration. The pulses 3707 repeat at the aliasing rate
or pulse repentlon rate, whlch is determined or selected as prev10usly
described. Generally, when directly down-convemng to a demodulated
baseband signal, the ahasmg rate F, is substantlally equal to a harmomc or,
more typlcally, a sub-harmonic of the under-sampled sxgnal In this example
the aliasing rate is approx1mately 450 MHZ. '

Step 1418 includes under-sampling the analog PM carrier signal 916 at
the aliasing rate to directly down-convert it to a demodulated baseband signal.
Step 1418 is illustrated in FIG. 37B by undel-sample points 3705.

Because a harmonic of the allasmg rate is substantially equal to the
frequency of the signal 916, or substantlally equal to a harmonic or sub-
harmonic thereof, essentially no IF i is produced. The only substantial aliased
component is the basebahd signal.

In FIG. 37D, voltage points 3708 correlate to the under-sample points

3705. In an embodiment, the voltage points 3708 form a demodulated
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baseband signal 3710." This'can be accomplished in many ways. For example,

-each voltage point 3708 can be held ata relatively constant level until the next

“voltage pomt is received. Thls results in a stalr-step output which can be

smoothed or ﬁ]tered if desnred as descrlbed below.

In FIG. 37E, a demodulated baseband signal 3712 represents the

: demodulated baseband sngnal 3710, after ﬁltermg, on a compressed time scale.
-Although FIG. 37E illustrates the demodulated baseband slgnal 3712 as a
filtered output signal, the output signal does not need to -be filtered or
.smoothed to be within the scope of the invention. Instead, the output .signal _

can be tailored for different ap;tlications

The demodulated baseband signal 3712 is substant1ally similar to the

_analog modulatmg baseband signal 210. The demodulated baseband signal

: 3712 can be processed W1thout further down—conversmn or demodulatlon

The aliasing rate of the under-samplmg signal is preferably controlled .

to opt1mlze the demodulated baseband signal for amplitude output and

polanty, as desued

In the example above the under-sample points 3705 occur at pos1t1ve :

j locatxons of the analog PM carrier signal 916. Alternatwely, the under-sample
points 3705 can occur at other locatlons include negatwe pomts of the analog

' PM carrier signal 916. When the under-sample pomts 3705 occur at negatlve.

locations of the analog PM carr_ier signal 916, the resultant demodulated

_ baseband signal is inverted relative to the modulating baseband signal 210.

The drawings referred to herein illustrate direct to data down-

conversion in dccordance with the invention For example, the demodulated

baseband 31gnal 3710 in FIG. 37D and the demodulated baseband signal 3712

in FIG. 37E illustrate that the analog PM carrier signal 916 was successfully
down-converted to the demodulated baseband signal 3710 by retaining enough

baseband information for sufficient reconstruction.
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. 2.2.2.1.2 Digital PM Carrier Signal

A process for direetly down;converting the digital PM carrier signal

1016 to a demodulated baseband signal is now described v_vit_h reference to the -

flowchart 1413 in FIG. 14C. The digital PM carrier signal 1016 is re-

illustrated in 38A for convenience. For this example, the digital PM carrier .

srgnal 1016 oscillates at approxrmately 900 MHZ. In FIG. 38B, a digital PM
camer srgnal 3804 illustrates a-portion of the digital PM carrier signal 1016 on
an expanded tlme scale.
The process begins at step 1414, which includes receiving an EM
si'gnal.. This is represented by the digital ‘PM signal 1016. | '
| 'Step l416 includes receiving an under-sampling signal h'aving an
al'iasing' rate F,,. FIG. 38C illustrates an example under-sampling signal 3806 -
on approximately the same time scale as FIG. 38B. The under-sampling .

signal 3806 includes a train of pulses 3807 having negligible apertures that

~ tend towards zero time in duration. The pulses 3807 repeat at the aliasing rate

or pulse repetition rate, which is determined or selected as descrrbed above. '
Generally, when directly down-converting to a demodulated baseband signal,

the ahasmg rate F g is substantially equal to a harmomc or, more typrcally,

.sub-harmomc of the under-sampled signal. In this example, the ahasrng rate is -

approxrmately 450 MHZ.

Step 1418 1ncludes under-samplmg the digital PM carrier srgnal 1016
at the ahasmg rate to directly down-convert it to a demodulated baseband
srgnal This is 1llustrated in FIG. 38B by under-sample points 3705.

" Because a harmonic of the allasmg rate is substantially equal to the
frequency of the srgnal 1016 essentlally no IF is produced The only
substantral aliased component is the baseband srgnal .

In FIG 38D, voltage points 3808 correlate to the under-sample points

_3805. In an embodiment, the voltage points 3808 form a demodulated

baseband signal 3810. This can be accomplished in many ways. For example,
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each voltage point:3808 can be hield at a relatively constant level until the next -

voltage point is received. This results in a stair-step output which can be

smoothed or fi ltered 1f de51red as descrlbed below

In FIG. 38E a demodulated baseband srgnal 3812 represents the'

| demodulated baseband srgnal 3810, after ﬁltermg, on a compressed t_1me scale.

Although FIG. 38E illustrates the demodulated.baseband signal 3812 as a

_ﬁltered output srgnal the output srgnal does not need to be filtered or

smoothed to be within the scope of the mventlon Instead the output signal -

can be tailored for different apphcatlons

The demodulated baseband signal 3812 is substantlally s1m11ar to the

_dlgltal modulatmg baseband signal 310 The demodulated baseband s1gnal

3812 can be processed without further down- conversron or demodulation.

The alrasmg rate of the under-samplmg signal i is preferably controlled

to optrmlze the demodulated baseband srgnal for amphtude output and

polarity, as desired.

In the example above, the under-sample pomts 3805 occur at pos1t1ve

locations of the digital PM carrier signal 1016. Alternatr_vely, the under-

sample points 3805 can occur at other locations include negative points of the'

digital PM carrier signal 1016. When the under-sarnple points 3805 occur at

negative locations of the digital PM carrier signal '1016, the resultant

‘demodulated baseband signal is inverted relative to the modulating baseband

signal 310.

The drawings referred to herein illustrate frequency down-conversion

in accordance with the invention. For example, the demodulated baseband

signal 3810 in FIG. 38D and the demodulated baseband signal 3812 in FIG.

38E illustrate that the digital PM carrier signal 1016 was successfully down--

converted to the demodulated baseband signal 3810 by retaining enough

‘baseband information for sufficient reconstruction.
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2.2.2.2 Structural Description

The operation of the under-sampling System 1602 is now described for
the analog PM carrier signal 9'16, with reference to the flowchart 1413 and the
timing diagrams of FIGS. 37A-E. In step 1414, the under-sampling module
1606 receives the analog PM carrier signal 916 (FIG. 37A). In step 1416, the
under-sampling module 1606 receives the under-sampling signal 3706 (FIG.
37C). In step 1418, the under-sampling module 1606 under-samples the
analog PM carrier signal 916 at the aliasing rate of the under-sampling signal
3706 to down-convert the PM carrier signal 916 to the demodulated analog
baseband signal 3710 in FIG. 37D or to the filtered demodulated analog
baseband signal 3712 in FIG. 37E.

The operation of the under-sampling system 1602 is now described for
the digital PM carrier signal 1016, with reference to the flowchart 1413 and
the timing diagrams of FIGS. 38A-E. In step 1414, the under-sampling
module 1606 receives the digital PM carrier signal 1016 (FIG. 38A). In step
141'6; th.e under-'sampling module 1606 receives the under-sampling signal
3806 '(.FIG. 38C). In step 1418, the under-sampling module 1606 under-
samples the digital PM carrier signal 1016 at the aliasing rate of the under-
sémpling signal 3806 to down-convert the digital PM carrier signal 1016 to the
demodulated digital baseband signal 3810 in FIG. 38D or to the filtered
demodulated digital baseband signal 3812 in FIG. 38E.

2.2.3 Other Embodiments

- The embodiments described above are - provided for purposes of
illustration. These embodiments are not intended to limit the invention.
Altémate embodiments, differing slightly or substantially from those described -
herein, will be apparent to persons skilled in the relevant art(s) based on the
teachings contained herein. Such alternate embodiments fall within the scope

and spirit of the present invention.
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2.3 Implementation Examples

Exemplary operatxonal and/or structural 1mplementatlons related to the

method(s), structure(s), and/or embodlments descrlbed above are presented in

‘Sections 4 and 5 below. These 1mplementatlons are presented for purposes of

illustratior_a, and not limitation. The invention is not limited to the particular
implementation examples described therein. Alternate implementations
(including equivalents, extensions, variations,- deviations, etc., of those
describéd herein) will be apparent to persons skilled in the r=elevant art(s)
based on thge teachings contained herein. Such alternate implementations féll

within the scope and spirit of the present invention.

3. - Modulation Convérsion

In an embodiment, the invention down-converts an FM carrier signal
Frue to 2 non-FM signal Fovonrmy bY under-sanipling the FM carrier signal
Fruc- This embodiment is illustrated in FIG. 45B as 4512.

In an example embodiment, the FM carrier signal Fgyc is ‘down-

-converted to a-phase modulated (PM) signal Fpy. In another example

embodiment, the FM carrier signal Fp,- is down- converted to an amplitude
modulated (AM) signal F,,. The invention is not limited to these
embodiments. The down-converted signal can be demodulated with any

conventional demodulation technique to obtain a demodulated baseband signal

’ FDMB'

The invention can be implemented with any type of FM signal.

‘Exemplary embodimentsare provided below for down-converting a frequency.

shift keying (FSK) signal to a non-FSK signal. FSK is a sub-set of FM,

~wherein an FM signal shifts or switches between two.or more frequencies.

.FSK is typically used for digital modulating baseband signals, such:as the

digital modulating baseband signal 310 in FIG. 3. For example, in FIG. 8, the
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-digital FM signal 816 is an FSK signal that shifts between an upper frequency -

and a lower frequency, corresponding to amplitude shifts in the digital
modulating baseband signal 310. The FSK signal 816 is used in example
embodiments below. | '

In a first example embodiment, the FSK signal 816 is under-sampled at
an aliasing rate that is based on a mid-point between the upper and lower
frequencies of the FSK signal 816. When the aliasing rate is based on the mid-
point, the FSK signal 816 is down-converted to a phase shift keying (PSK)
'sighal. PSK is a sub-set of phase modulation, lwherein a PM signal shifts or

switches between two or more phases. PSK is typically used for digital

‘modulating baseband signals. For example; in FIG. 10, the digital PM signal -

1016 is a PSK signal that shifts between two phases. The PSK signal 1016 .
can be demodulated by any conventional PSK demodulation technique(s).

In a second example embodiment, the FSK signal 816 is under-
sampled at an aliasing rate that is based upon either the upper frequency or the
lower frequency of the FSK signal 816. When the aliasiﬁg rate is-based upon -
the upper frequency or the lower frequency of the FSK signél 816, the FSK -
signal 816 is down-converted to an amplitude shift keying (ASK) signal. ASK
is a sub-set of amplitudé modulation, wherein an AM signal shifts or switches
between two or more amplitudes. ASK is typically used for digital modulating
baseband signals. For example, in FIG. 6, the digital AM signal 616 is an
ASK signal that shifts between the first amplitude. and the second amplitude.
The ASK signal 616 can be demodulated by any conventional ASK

~demodulation technique(s).

The following sections describe methods for under-sampling an FM
carrier signal Fpyc to down-convert it to the non-FM signal F nonemy-
Exemplary structural embodiments for implementing the methods are also
described. It should be understood that the invention is not limited to the
particﬁlar embodiments described below. Equivaleﬁts, extensions, variations,

deviations, etc., of the following will be apparent to persons skilled in the
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relevant art(s) based on the teachings contained herein. - Such-equivalents,
extensions, variations, deviations, etc., are within the scope and spirit of the
present invention.

The following sections include a high level discussion, example

~ embodiments, and implementation examples.

3.1  High Level Description

This sectibn (includi'ng its. subsections) | provides a high—lével
descrlptlon of under-samplmg the FM carrier signal Fpy to down-convert it to

~ the non -FM s1gnal Fvonmy accordmg to the 1nvent10n In pamcular an
: operatlonal process for down-converting the FM carrier s1gnal Fey to the pon-

~FM signal . F(NON,M) is described at a hxgh—level Also, a structural

» 1mplementat10n for 1mplement1ng this process is descnbed at a hlgh-level

The structural 1mp1ementat10n is described herem for 1l]ustrat1ve purposes, and
is not hmmng In particular, the process described 1n th1s sectlon can be. '
~ achieved using any number of structural 1mplementat10ns one of whlch is
: descnbed in thlS section. The details of such structural 1mplementat10ns will
__ be apparent to persons skllled in the relevant art(s) based on the teachmgs |

contamed hereln

3.1.1 Operational Description

" FIG. 14D depicts a flowchart 1419 that illustrates an exemplary
method for down-converting the FM carrier sighal Feme to the non-FM signal
__ Fovon.rmy:

embodiment of the flowchart 1401 in FIG. 14A.

Any and all forms of frequency modulation techniques are valid for

The exemplary: method illustrated in the flowchart 1419 is an

_ this invention. For ease of discussion, the digital FM carrier (FSK) signal 816
is used to illustrate a high level operational description of the invention.

~ Subsequent sections provide detailed flowcharts and descriptions for the FSK
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signal 816. Upon reading the disclosure and examples therein, one skilled in
the relevant art(s) will understand that the invention can be implemented to
down-convert any type of FM signal.

The method illustrated in the flowchart 1419 is described below at a
high level for down-converting the FSK signal 816 in FIG. 8C to a PSK
signal. The FSK signal 816 is re-illustrated in FIG. 39A for convenience.

The process of the flowchart 1419 begins at step 1420, which includes
receiving an FM signal. This is represented by the FSK signal 816. The FSK
signal 816 shifts between an upper freqﬁency 3910 and a lower frequency
3912. In an exemplary embodiment, the upper frequency 3910 is.
approximately 901 MHZ and the lower frequency 3912 is approximately 899
MHZ.

Step 1422 includes receiving an under-sampling signal having an
aliasing rate F,,. FIG. 39B illustrates an example under-sampling signal 3902
which includes a train of pulses 3903 having negligib]e apertures that tend
towards zero time in duration. The pulses 3903 repeat at the aliasing rate or
pulse repetition rate.

" When down-converting an FM carrier signal F,c to a non-FM signal
F@mmp the aliasing rate is substantially equal to a frequency contained within
the FM signal, or substantially equal to a harmonic or sub-harmonic thereof.
In this example overview embodiment, where the FSK signal 816 is to be
down-converted to a PSK Signal, the aliasing rate is baéed on a mid-point
between the upper frequency 3910 and the lower frequency 3912. For this
example, the mid—point'is appfoximatély 90.0 MHZ. In another embodiment
described below, where the FSK signal 816 is to be down-converted to an
ASK signal, the aliasing rate is based on either the upper frequency 3910 or
the lower frequency '3912, not the mid-point. |

Step 1424 includes under-sampling the FM signal Fpy, at the aliasing

rate to down-convert the FM carrier signal Fgyc to the non-FM signal Fooy ey
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Step 1424 is illustrated in FIG."39C, which illustrates a stair step PSK signal
3904, which is generated by the modulation conversion process.” © '

When the upper frequency 3910 is under-sampled, the PSK signal
3904 has a frequency of -approximately 1 MHZ and is used as a phasé

‘reference. When the lower frequency 3912 is under-sampled, the PSK'signal
13904 has a frequency of 1 MHZ and is phase shifted 180 degrees from the

“phase reference.

FIG. 39D depicts a PSK signal 3906, which is. a filtered version of the

'PSK signal 3904. The invention can thus generate a filtered output signal, a

partially filtered output signal, or a relatively unfiltered stair step output signal.

' The choice between filtered, partially filtered and non-filtered output signals is

‘generally a design choice that depends upon the application of the invention. -

The aliasing rate of the under-sampling signal is preferably controlled"

to optimize the down-converted signal for amplitude output and polarity; as

desired. _

D:etailed exémplary embodiments for down-converting an FSK signal -

'to a PSK signal and for down-converting an FSK signal to an ASK signal are

: provided. below.

3.1.2 Structural Description

FIG. 16 illustrates the block diagram. of the under-sampling system

11602 according to an embodiment of the invention. The under-sampling

system 1602 includes the under-sampling module 1606.. The under-sampling

:system 1602 is an example embodiment of the generic aliasing system 1302 in

FIG. 13.

In a modulation conversion embodiment, the EM signal 1304 is an FM
carrier signal and the under-samplirig module 1606 under—éamples the FM

carrier signal at a frequency that is substantially equal to a.harmonic of a

frequency within the FM Signal or, more typically, substantially equal to a
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sub-harmonic of a frequency within the FM signal. Preferably, the. under-
sampling module 1606 under-samples the FM carrier signal Fp,. to down-
convett it to a non-FM signal F oy in the manner shown in the operational
flowchart 1419.. But it should be understood that the scope and spirit of the
invention includes other structural embodiments for performing the steps of
the flowchart 1419. The specifics of the other structural embodiments will be

apparent to persons skilled in the relevant art(s) based on the discussion

" contained herein.

The operation of the under-sampling system 1602 shall now be
described with reference to the flowchart 1419 and the timing diagrams of
FIGS. 39A-39D. In step 1420, the under-sampling module 1606 receives the
FSK signal 816. In step 1422, ;che under-sampling module 1606 receives the
under-sampling signal 3902. In step 1424, the under-sampliﬂg module 1606
undef-samples the FSK signal 816 at the aliasing rate of the under-sampling
signal 3902 to down-convert the FSK signal 816 to the PSK signal 3904 or
3906. |

Example implementations of the under-sampling’ module 1606 are

provided in Section 4 below.

3.2  Example Embodiments

Various embodiments related' to the method(s) and stfucture(s)
described above are presented in this section (and its subsections). These
embodiments are described herein for purposes of illustration, and not
limitation. The invention is not limited to these embodiments. Alternate
embodiments (including equivalents, extensions, variations, deviations, etc., of
the embodiments described herein) will be épparent to persons skilled in the

relevant art(s) based on the teachings contained herein. The invention is

' intended and adapted to include such alternate embodiments.
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The. method for down-converting an FM carrier signal Fp, to a non-
FM :signal, F(NON_FM)glilluStrated in the flowchart 1419 of FIG.14D, can be"
implemented with any type of FM carrier signal including, but-not limited to,
FSK signals. The flowchart 1419 is described in detail below for down-
converting an FSK signal to a PSK signal and for down-converting a PSK
signal to an ASK signal. .-The exemplary descriptions below are intended to
facilitate an understanding of the present invention. The present invention is

not limited to or by the exemplary embodiments below.

- 3.2.1 First Example Embodiment: Down-Converting
an FM Signal to a PM Signal

'3.2.1.1 Operational Descriptian '

Operatlon of the exemplary process of the ﬂowchart 1419 in FIG 14D_
is now descnbed for down-converting the FSK signal 816 lllustrated in FIG.

8C to a PSK signal. The FSK signal 816 is re-lllustrated in FIG. 40A for

convemence _ _
~ The FSK sxgnal 816 shlfts between a ﬁrst frequency 4006 and a second’
frequency 4008. In the exemplary embodiment, the first frequency_4006 is
lewer than the secohd lfrequerllcy 4008. In an alternafive embodiment,,. the first
frequency 4006 is higher than the second frequency.400.8. For this example,
the first frequency 4006 is approximately 899 MHZ and the second frequency
4008 is approximately 901 MHZ. "
FIG. 40B illustrates an FSK signal portion 4004 that represents a
portion of the FSK signal 816 on an expanded time scale. |
The process of down-converting the FSK signal 816 to a PSK signal

‘begins at step 1420, which includes receiving an FM signal. This is

represented by the FSK signal 816.

Step 1422 includes receiving an under-sampling signal héving' an

aliasing rate F,z. FIG. 40C illustrates an example under-sampling signal 4007
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‘on approximately the same time scale as FIG. 40B. The under-sampling

signal 4007 includes a train of pulses 4009 having negligible apertures that
tend towards zero time in duration. The pulses 4009 repeat at the aliasing rate,
which is determined or selected as described above. Generally, when down-
converting an FM signal to a non-FM signal, the aliasing rate is substantially
equal to a harmonic or, more typically, a sub-harmonic of a frequency
contained within the FM signal.

In this example, where an FSK signal is being down-converted to a
PSK signal, the aliasing rate is substantially equal to a harmonic of the mid-
point between the frequencies 4006 and 4008 or, more typically, substantially
equal to a sub-harmonic of the mid-point between the frequencies 4006 and
4008. In this example, where the first frequency 4006 is 899 MHZ and second
frequency 4008 is 901 MHZ, the mid-point is approximately 900 MHZ.
Suitable aliasing rates include 1.8 GHZ, 900 MHZ, 450 MHZ, etc. In this
example, the aliasing rate of the under-sampling signal 4008 is approximately
450 MHZ. |

Step 1424 includes under-sampling the FM signal at the aliasing rate to
down-convert it to the non-FM signal Fon.rw. Step 1424 is illustrated in FIG.
40B by under-sample points 4005. The under-sample points 4005 occur at the
aliasing rate of the pulses 4009. |

" InFIG. 40D, voltage points 4010 correlate to the under-sample points

4005. In an embodiment, the voltage points 4010 form a PSK signal 4012.
This can be accomplished in many ways. For example, each voltage point
4010 can be held at a relatively constant level until the next voltage point is
received. This results in a stair-step output which can be smoothed or filtered
if desired, as described below. | -

When the first frequency 4006 is under-sampled, the PSK signal 4012
has a frequehcy of approximately 1 MHZ and is used as a phase reference.

When the second Ifrequency 4008 is under-sampled, the PSK signal 4012 has a
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frequency of I MHZ and is' phase shifted 180 degrees -from the phase
reference. R B ' '

In FIG. 40E, a PSK signal 4014 illustrates the PSK signal 4012, after
filtering, on a compressed time scale. Although FIG. 40E illustrates the PSK

signal 4012 as a filtered output signal 4014, the output signal does not need to

' be filtered or smoothed to be within the scope of the invention. Instead, the

output signal can be tailored .for different applications. The PSK signal 4014

- can be demodulated through any conventional phase demodulation technique.

The aliasing rate of the under-sampling -signal is preferably controlled

to optimize the down-converted signal for amplitude.outpu't and polarity, as

- desired.

In the example abov'cf, the under-sample points 4005 occur at positive

- locations of the FSK signal 816. Alternatively, the uhder—sample points 4005
" can occur at other locations including negative points of the FSK signal 816.
- When the under;samble points 4005 occur at negative locations of the FSK
" signal 8‘16, the resultant PSK signal is inverted relative to the PSK sig_nal'
- 4014.

The drawings referred to herein illustrate modulation conversion in
accordance with the invention. For example, the PSK si'gnal 4014 in FIG. 40E
illustrates that the FSK signal 816 was successfully down-converted to the

" PSK signal 4012 and 4014 by retaining enough baseband infofmation for

sufficient reconstruction.

3.2.1.2  Structural Description

The operation of the under-sampling system 1602 is now described for

down-converting the FSK signal 816 to a PSK signal, with reference to the

" flowchart 1419 and to the timing diagrams of FIGS. 40A-E. In step 1420, the

under—sa_mpling module 1606 receives the FSK signal 816 (FIG. 40A). In step

1422, the under-sampling module 1606 receives the undér—sampling signal
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4007 (FIG. 40C). - In step 1424, the under-sampling module 1606 under-
samples the FSK signal 816 at the aliasing rate of the under-sampling signal
4007 to down-convert the FSK signal 816 to the PSK signal 4012 in FIG. 40D
or the PSK signal 4014 in FIG. 40E.

3.2.2 Second Example Embodiment: Down-
Converting an FM Signal to an AM Signal

3.2.2.1 Operational Description

~ Operation of the exemplary ._pro.cess of FIG. 14D is now described for
down-converting the FSK signal 816, illustrated in FIG. SC to an ASK signal.
The FSK 51gnal 816 is re-illustrated in FIG. 41 A for convenience.

The FSK signal 816 shlﬁs between a first frequency 4106 and a second
frequency 4108. In the exemplary embodiment, the first frequency 4106 is
lower than the s_econd frequency 4108. In an alternative embodiment, the first
frequency 4106 is higher than the second frequency 4108. For this example,
the first freqﬁency 4106 is approximately 899 MHZ and the second frequency
4108 is approx1mately 901 MHZ. - |

FIG. 41B illustrates an FSK s1gnal portion 4104 that represents a
portlon of the FSK 31gnal 8 16 on an expanded tlme scale.

The process of down-convertrng the FSK signal 816 to an ASK signal
begins at step 1420, which includes receiving an FM signal. This is
represented by the FSK signal 816. |

Step 1422 includes receiving an under-sampling signal having an
aliasing rate F,;. FIG. 41C illustrates an example under-sampling signal 4107
illustrated on approximately the same time scale as FIG. 42B. The under-
sampling signal 4107 includes a train of pulses 4109 having negligible
apertures that tend towards zero time in duration; The pulses 4109 repeat at

the aliasing rate, or pulse repetition rate. The aliasing rate is determined or

" selected as described above.
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Generally, when down-converting an FM signal to ‘a non-FM signal,

the aliasing rate is substantially equal to a harmonic of a frequency within the
- FM signal or, more typically, -to a sub-harmonic of a frequency within the FM:
~signal. ‘'When an FSK signal 816 is being down-converted to an ASK signal,
- the aliasing rate is substantially equal to a harmonic of the first frequency 4106

or the second frequency 4108 or, more typically, substantially equal to a sub-

harmonic of the first frecjuency 4106 or the second frequency 4108 . In this
example, where the first frequency 4106 is 899 MHZ and the second
frequency 4108 i_s 901 MHZ, the aliasing rate can be substantially equal to a
harmonic or’sub-harmonic of 899 MHZ or 901 MHZ. In this example the

- aliasing rate is api)roximately 449.5 MHZ, which is a sub-harmonic of the first

frequency 4106.
- Step 1424 includes under-sampling the FM signal at the aliasing rate to

“down-convert it to a non-FM signal F non.pmy- - Step 1424 is illustrated in FIG.
41B by undér-samplé points 4105. The under-sample points 4105 occur at the-
aliasing rate of the pulses 4109. When the first frequency 4106 is under- -
sampled, the aliasing pulses 4109 and the under-sample points 4105 occur at’

‘the same location of subsequent cycles of the FSK signal 816. This generates

a relatively constant output level. But when the second frequency 4108 is
under-sampled, the aliasing pulses 4109 and the under-sample points 4005
occur at different locations of subsequent cycles of the 'FSK signal 816. This
generates an oscillating pattern at approximately (901 MHZ - 899 MHZ) = 2
MHZ. -

In FIG. 41D, voltage points 4110 correlate to the undcr-sarhple' points
4105. In an embodimeht, the voltage points 4110 form an ASK signal 41 12.

This can be aécomplished in many ways.' For'example, each voltage point

4110 can be held at a relatively constant level until the next voltage point is

received. This results ina stair-step output which can be smoothed or filtered

if desired, as described below.
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In FIG. 41E, an ASK signal 4114 illustrates the ASK signal 4112, after
filtering, on a compressed time scale.. Although FIG. 41E illustrates the ASK
signal 4114 as a filtered output signal, the output signal does not need to be
filtered or smoothed to be withiﬁ the scope of the invention. Instead, the
output signal can be tailored for different applibations. The ASK signal 4114
can be demodulated through any conventional amplitude demodulation
technique

- When down-converting from FM to AM, the aliasing rate of the under-.
sampling signal is preferably controlled to optimize the demodulated baseband
signal for amplitude output and/or polarity, as desired.

In an alternative embodiment, the aliasing rate is based on the second
frequency and the resultant ASK signal is reversed relative to the ASK signal
4114.

The drawings referred to herein illustrate modulation conversion in.
accordance with. the invention. For example, the ASK signal 4114 in FIG.
41E illustrates that the FSK carrier signal 816 was successfully down-
converted to the ASK signal 4114 by retaining enough baseband information

for sufficient reconstruction. .

3.2.2.2  Structural Description

The operation of the under-sampling system 1602 is now described for
down-converting the FSK signal 816 to an ASK sigﬁal, with reference to the
ﬂchhaﬂ 1419 and to the timing diagrams of FIGS. 41A-E. In step 1420, the
under-sampling module 1606 receives the FSK signal 816 (FIG. 41A). In step
1422, the under-sampling module 1606 receives the under-sampling signal
4107 (FIG. 41C). In step 1424, the under-samplihg module 1606 under-
samples the FSK signal 816 at the aliasing of the under-sampling signal 4107
to down—cbnvert the FSK signal 816 to the ASK_sighal 4112 of FIG. 41D or
the ASK signal 41 14 in FIG. 41E.
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3.2.3 Other Example Embodiments

The embodiments ._described above are provided for purpoées of

_il]ustration. These embodiments are not int_ended to limit the 'invention.

Alternate embodiments, differing slightly or substéntially from those described

heréin, will be apparent to persons skilled in the relevant art(s) based on thé

_ teachings contained herein. Such alternate embodiments fall within the scope

and spirit of the present invention.

33 Impiementation Examples

Exemplary operational and/or structural implementations related to. the
method(s), structure(s), and/or embodiments described above are presented in

Sections 4 and 5 below. These implementations are presented for purposes of

illustration, and not limitation. The invention is not limited to the particular

implementation - examples described therein. Alternate implementations

-(including ‘equivalents, extensions, variations, deviations, etc., of those

described herein) will be apparent to persons skilled in the relevant art(s)

‘based on the teachings contained herein. Such alternate implementations fall

“within the scope and spirit of the present invention.

i Implementatioh Examples

~ Exemplary operational and/or structural implementétioﬁs related to the

method(s), structure(s), and/or embodiments described in the Sub-Sections

‘above are presented in this section (and' its silbsectidns). These

_implementations are presented herein for purposes of illustration, and not

limitation. The invention is not limited to the particﬁl'ar implementation
examples described herein. Alternate implementations (including equivalents,

extensions, variations, deviations, etc., of those described herein) will be
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. apparent to persons skilled in the relevant art(s) based on the teachings

~ contained herein. Such alternate implementations fall within the scope and

spirit of the present invention.

FIG. 13 illustrates a generic aliasing system 1302, including an aliasing

- module 1306. FIG. 16 illustrates an under-sampling system 1602, which

includes an under-sampling module 1606. The under-sampling module 1606

receives an under-sampling signal 1604 having an aliasing rate F,;. The

- under-sampling signal 1604 includes a train of pulses having negligible

apertures- that tend towards zero time in duration. The pulses repeat at the
aliasing rate F,;. The under-sampling system 1602 is an example
implementation of the generic aliasing system’ 1303. The under-sampling
system 1602 outputs a down-converted signal 1308A.

FIG. 26A illustrates an exemplary sample and hold system 2602,
which is an exemplary implementation of the 'undér-sampling system 1602.
The sample and hold system 2602 is described below.

FIG. 26B illustrates an exemplary inverted sample and hold system .
2606, which 1s an alternative example implementation of the under-sampling

system 1602. The inverted sample and hold system 2606 is described below..

4.1 The Under-Sampling System as a Sample and Hold System

FIG. 26A is a block diagram of é the sample and hold system 2602,
which is an example embbdiment of the under-sampling module 1606 in FIG.
16, Which is an example embodiment of the géneﬁc aliasing module 1306 in
FIG. 13. | |

| The sample and hold system 2602 includes a sample and hold module
2604, which réceives the EM signal 1304 and the under-gafnpling signal 1604.
The sample and hold module 2604 under-samples the EM signal at the aliasing
rate of the under-sampling signal 1604, as described in the sections above with

respect to the flowcharts 1401 in FIG. 14A, 1407 in FIG. 14B, 1413 in FIG.
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14C and 1419 in FIG. 14D.- The under—samphng system: 1602 outputs a down-
converted signal 1308A.

FIG. 27 illustrates an under-sampling system 2701 -as a sample and
hold system, which is an example implementation of the under-sampling

system 2602. The dnﬂer-sa’mpling system 2701 includes a switch module

2702 and a holding module 2706. The under-sampling system 2701 is -

described below.

FIG. 24A illustrates an under-sampling system 2401 as a break before
make under-sampling system, which is an alternative implementation of the
under-sampling system 2602. The break before make under-sampling system
2401 is described below.

" 4.4.1 The Sample and Hold Systeni as a Switch =
Module and a Holding Module

FIG. 27 illustrates an exemplary embodiment ‘of the sample and hold '

“module 2604 from FIG. 26A. In the exemplary embodiment, the sample and
"hold module 2604 includes a switch module 2702, anda holding module 2706.

'-Prefefably, the switch module 2702 and the holding’ module 2706
under-sample the EM signal 1304 to down-convert it in any of the manners

shown in the operation flowcharts 1401, 1407, 1413 and 1419. For example,

‘the sample and hold module 2604 can receive and under-sample any of the

modulated carrier signal signals described above, including, but not limited to,
the analog AM signal 516, the digital AM signal 616 the analog FM signal
716, the digital FM signal 816, the analog PM sxgnal 916, the digital PM

_ 31gna1 1016 etc., and any combinations thereof.

The switch module 2702 and the holding module 2706 down-convert
the EM signal 1304 to an intermediate signal, to a demodulated baseband or to
a different modulation scheme, depending upon the aliasing rate.

- For example, operation of the switch module 2702 and the holding

' module 2706 are now described for down-converting the EM signal 1304 to an
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intermediate signal, with reference to the flowchart 1407 and the example
timing diagrams in FIG. 79A-F.

In step 1408, the switch module 2702 receives the EM signal 1304
(FIG. 79A). In step 1410, the switch module 2702 receives the under-
sampling signal 1604 (FIG. 79C). In step 1412, the switch module 2702 and
the holding module 2706 cooperate to under-sample the EM signal 1304 and
down-convert it to an intermediate signal. More specifically, during step
1412, the switch module 2702 closes. during each under-sampling pulse to
couple the EM signal 1304 to the holding module 2706. In an embodiment,
the switch module 2702 closes on rising edges of the pulses. In an alternative
embodiment, the switch module 2702 closes on falling edges of the pulses.
When the EM signal 1304 is coupled to the holding module 2706, the
amplitude of the EM signal 1304 is captured by the holding module 2706. The
holding module 2706 is designed to capture and hold the amplitude of the EM
signal 1304 within the short time frame of each negligible aperture pulse.
FIG. 79B illustrates the EM signal 1304 after under-sampling.

The holding module 2706 substantially holds or maintains each under- .
sampled amplitude until a subsequent under-sample. (FIG. 79D). The holding
module 2706 outputs the under-sampled amplitudes as the down-converted
signal 1308A. The holding module 2706 can output the down-converted
signal 1308A as an unfiltered signal, such as a stair step signal (FIG. 79E), as a
filtered down-converted signal (FIG. 79F) .or as a partially filtered down-

converted signal.

4.1.2 The Sample and Hold System as Break-Before-
Make Module

FIG. 24A illustrates a break-before-make under-sampling system 2401,
which is an alternative implementation of the under-sampling system 2602.
Preferably, the break-before-make under-sampling system 2401 under-

samples the EM signal 1304 to down-convert it in any of the manners shown
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in the operation flowcharts 1401, 1407, 1413- and 1419. -For example, the
sample and hold module 2604 can receive and under-sample any of the
unmodulated or modulated carrier-signal'signals described above, including,
but not limited to, the analog AM signal 516, the-digital AM signal 616, the
analog FM signal 716, the digital FM signal 816, the analog PM signal 916,
the digital PM signal 10186, etc., and combinations thereof.

.The break-before-make under-sampling system 2401 down-converts
the EM signal 1304 to an intermediate signal, to a demodulated baseband or to
a different modulation scheme, depending upon the aliasing rate.

FIG. 24A includes a break-before-make switch 2402. 'I;he break-
before-make switch 2402 includes a normally open switch 2404 and a
normally closed switch 2406. The normally open switch 2404 is controlled by

the under-sampling signal 1604, as previously described. The normally closed

. switch 2406 is controlled by an isolation signal 2412. In an embodiment, the

* isolation signal 2412 is generated from the under-sampling signal 1604.°

Alternatively, the under-sampling signal 1604 is generated from the isolation

:signal 2412.  Alternatively, the isolation signal 2412 is generated
_independently from the under-sampling signal 1604. The break-before-make
-module ‘2402 substantially isolates a sample and hold input 2408 from a

‘sample and hold output 2410.

FIG. 24B illustrates an example timing diagram of the under-sampling
signal 1604 that controls the normally open switc_h 2404. FIG. 24C illustrates
an example timing diagram of the isolation signal 2412 that controls the
normally closed switch 2406. Operation of the break‘—before-make module
2402 is described with reference to the example timing diagrams in FIGS. 24B
and 24C. '

Prior to time t0, the normally open switch 2404 and the normally
closed switch 2406 are at their normal states.

At time t0, the isolation signal 2412 in FIG. 24C opens the normally

‘closed switch 2406. Then, just after time t0, the normally open switch 2404
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and the normally closed. switch 2406 are open and the input 2408 is isolated
from the output 2410. _
At time t1, the under-sampling signal 1604 in FIG. 24B briefly closes
the normally open switch 2404. This couples the EM signal 1304 to the
-5 | holding module 2416. |
Prior to t2, the under-sampling signal 1604 in FIG. 24B opens the
normally-., open switch 2404. This de-couples the EM signal 1304 from the
holding module 241 6.
At time 2, the isolation 31gna1 2412 in FIG. 24C closes the normally
11_0 closed switch 2406. This couples the holdmg module 2416 to the output 2410.
" ' The break-before-make under-sampling system 2401 includes a
holding module 2416, which can be similar to the holdin_g module 2706 in
FIG. 27. - The break-before-make under-sampling system 2401 down-converts
the EM signal 1304 in a manner similar to that described with reference to the

15 under-sampling system 2702 in FIG. 27.

- 4.1.3 - Example Implementations of the Switch
Module

) - The switch module 2702 in FIG. 27 and the switch modules 2404 and
20 2406 in FIG. 24A can be any type of switch device that'pr'eferably has a
relatively low impedance when closed and a relatively hlgh 1mpedance when
open.” The switch modules 2702 2404 and 2406 can be lmplemented with
normally open or normally closed switches. The switch device need not be an
| ideal switch device. FIG. 28B illustrates the switch modules 2702,_2404 and

25 _ 2406 as, for example, a switch module 2810.
| The switch device 2810 (e.g., switch modules 2702, 2404 and 2406)
can be implemented with any type of suitable switch device, including, but not
limited to mechanical switch devices and electrical switch devices, optical

switch devices, etc., and combinations thereof. Such devices include, but are
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‘not limited to transistor switch*devices, diode switch ‘devices, relay -switch

devices, optical switch devices, micro-machine switch devices, etc.. ©
‘In an embodiment, the switch module 2810 can be implemented as a

transistor,: such as, for example, a field effect transistor (FET), a bi-polar

transistor, or any other suitable circuit switching device.

- In FIG. 28A, the switch module 2810 is illustrated as a FET 2802. The
FET 2802 can be any type of FET, including, but not limited to, a MOSFET; a

JFET, a G4AsFET, etc.. The FET 2802 includes a gate 2804, a source 2806

and a drain 2808. The gate 2804 receives the under-sampling signal 1604 to
control the switching action between the source 2806 and the drain 2808.
Generally, the source 2806 and the drain 2808 are interchangeable.

It should be understood that the illustration of the switch module 2810
as-a FET 2802 in FIG. 28A is for example purposes only. Any device having -
switching capabilities could be used to implement the switch- module 2810 -

(e.g., switch modules 2702, 2404 and 2406), as will be apparent to persons

skilled in the relevant art(s) based on the discussion contained herein.

In FIG. 28C, the swit_ch module 2810 is illustrated as a diode switch

2812, which operates as a two lead device when the under-sampling signal
1604 is coupled to the output 2813.

- In FIG. 28D, the switch module 2810 is illustrated as a diode switch

2814, which operates as a two lead device when the under-sampling signal

1604 is coupled to. the output 2815.

4.1.4 Example Implementations of the Holding
Module

The holding modules 2706 and 2416 preferably captures and holds the
amplitude of the original, unaffected, EM signal 1304 within the short time
frame of each negligible aperture under-sampliﬁg signal pulse.

In an exemplary embodiment, holdiﬁg modules 2706 and 2416 are

implemented as a reactive holding module 2901 in FIG. 294, although the
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invention is not limited to this embodiment. A reactive holding module is a

-holding module that employs one or more reactive electrical components to

preferably quickly charge to the amplitude of the EM signal 1304. Reactive
electrical components include, but are not limited to, capacitors and inductors.
In an embodiment, the holding modules 2706 and 2416 include one or
more capacitive holding elements, illustrated in FIG. 29B as a capacitive
holding module 2902. In FIG. 29C, the capacitive holding modﬂe 2902 is
illustrated as one or more capacitors illustrated generally as capacitor(s) 2904.

Recall that the preferred goal of the holding modules 2706 and 2416 is to

quickly charge to the amplitude of the EM signal 1304. In accordance with

principles of capacitors, as the negligible aperture of the under-sampling
pulses tends to zero time in duration, the capacitive value of the capacitor 2904

can tend towards zero Farads. Example values for the capacitor 2904 can

“range from tens of pico Farads to fractions of pico Farads. A terminal 2906

serves as an output of the sample and hold module 2604. The capacitjve'

holding module 2902 provides the under-sémples at the terminal 2906, where
they can be measured as a voltage. FIG. 29F illustrates the capacitive holding
module 2902 as including a series capacitor 2912, which can be utilized in an
inverted sample and hold system'as' described below.

In an alternative embodiment, the hblding modules 2706 and 2416

include one or more inductive holding elements, illustrated in FIG. 29D as an

inductive holding module 2908. o

In an alternative embodiment, the holding modules 2706 and 2416
include a combination of one or more capacitive holding”elements and one or
more inductive holding. elements, illustrated in FIG. 29E as a
capaci.tive/inductive holding module 2910.

FIG. 29G illustrates an integrated under-sampling system that can be
implemented to down-convert the EM signal 1304 as illustrated in, and
described with reference to, FIGS. 79A-F |
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- 4.1.5 - Optional Under-Sampling Signal Module:- -

FIG. 30 illustrates an under-sampling ‘system 3001, which is an

'example embodtment of the under-sampling system 1602 The under-

samplmg system 3001 mcludes an optional under-samplmg srgnal module
3002 that can perform any of a variety of functions or combinations of
ﬁ;nctions, including, but not limited to, generating the under-sampling signal
1604. |

In an embodrment the optional under-sampllng srgnal module 3002

1ncludes an aperture generator an example of which is 111ustrated in FIG. 29J

as an aperture generator 2920. The aperture generator 2920 generates

' neglrglble aperture pulses 2926 from an 1nput srgnal 2924, The 1nput srgnal

2924 can be any type of periodic signal, 1nclud1ng, but not hmlted to, a

: smusord a square wave, a saw-tooth wave, etc Systems for generatmg the

| mput s1gnal 2924 are descnbed below

The wrdth or aperture of the pulses 2926 is determmed by delay

through the branch 2922 of the aperture generator 2920. Generally, as the

desrred pulse w1dth decreases the tolerance requirements of the aperture

| generator 2920 increase. In other words, to generate neghglble aperture pulses

for a glven input EM frequency, the components utrhzed in the example

aperture generator 2920 require greater reaction tlmes ~which are typrcally

obtained with more expensive elements, such as gallrum arsemde (GaAs), etc

The example loglc and 1mplementatron shown in the aperture generator

12920 are prov1ded for illustrative purposes only, and are not limiting. The

actual logic employed can take many forms. The example aperture generator
2920 includes an optional inverter 2928, which is shown for polarity
consistency with other .examp_les provided herein. An example
implementation of the aperture generator 2920 is illustrated in FIG. 29K.

Additional examples of aperture generation logic is provided in FIGS.

'29H and 291. FIG. 29H illustrates a rising edge pulse generator 2940, which
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generates pulses 2926 on rising edges of-the input signal 2924. FIG. 29I -
illustrates a falling edge pulse generator 2950, which generates pulses 2926 on
falling edges of the input signal 2924.

In an embodiment, the input signal 2924 is generated externally of the
under-sampling signal module 3002, as illustrated in FIG. 30. Alternatively,
the input signal 2924 is generated internally by the under-sampling signal
module' 3002. The input signal 2924 can be generated by an oscillator, as
illustrated in FIG. 29L by an oscillator 293.0. The oscillator 2930 can be
intefnal to the under-sampling signal module 3002 or exterhal to the under-
sampling signal module 3002. The oscillator 2930 can be external to the
under-sampling system 3001.

The type of down-conversion performed by the under-sampling system
3001 depends upon the aliasing rafe of the under-sampling signal 1604, which
is determined by the frequency of the pulses 2926. The frequency of the
pulses 2926 is determined by the frequency of the input signal 2924. For
example, when the frequency of the input signal 2924 is substantially equal to
a harmonic or a sub-harmonic of the EM signal 1304, the EM signal 1304 is
directly.'down-converted to baséband (e.g. when the EM signal is an AM
signal or a PM signal), or converfed from FM to a non-FM signal. When the
frequency of the input signal 2924 is substantially equal to a harmonic or a
sub-harmonic of a difference frequency, the EM signal 1304 is down-
converted to an intermediate signal. '

The optional under-sampling signal module 3002 can be implemented

in hardware, software, firmware, or any combination thereof,

4.2  The Under-Sampling System as an Inverted Sample and Hold

FIG. 26B illustrates an exemplary inverted sample and hold systerh
2606, which is an alternative example implementation of the under¥sampling

system 1602.
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FIG. 42 illustrates a inverted sample and hold system 4201, which is an

example 1mplementatlon of the inverted sample and hold system 2606 in FIG.

'26B. The sample and hold system 4201 mcludes a sample and hold module

4202, which includes a switch module 4204 and a holding module 4206. The
switch module 4204 can be implemented as descnbed above with reference to
FIGS. 28A-D.

The 'holding. module 4206 can be implemented as described abbve with

reference to FIGS. 29A-F, for the holding modules 2706 and 2416. In the

illustrated embodiment, the holding module 4206 includes one or more

: .capacitors 4208. The capacitor(s) 4208 are selected to pasé higher frequency

components of the EM signal 1304 through to a terminal 4210, regardless of
the state of the switch module 4204. The capacitor 4202 stores charge from
the EM signal 1304 during aliasing pulses of the under—sampling signal 1604

and the signal at the terminal 4210 is thereafter off-set by an amount related to

the charge stored in the capacitor 4206.
Operation of the inverted sample and hold system 4201 is illustrated in

FIGS. 34A:F. FIG. 34A illustrates an example EM signal 1304. FIG. 34B

illustrates the EM signal 1304 after under-sampling. FIG. 34C illustrates the

- under-sampling signal 1606, which includes a train of aliasing pulses havirig

_ negligible apertures.

" FIG. 34D illustrates an example down-converted signal 1308A. FIG.
34E illustrates the down-converted signal 1308A on a compressed time scale.

Since the holding module 4206 is series element, the highef frequencies (e.g.,

| RF) of the EM signal 1304 can be seen on the down-converted signal. This

can be filtered as illustrated in FIG. 34F.

The inverted sample and hold system 4201 can be used to down-
convert any type of EM signal, including modulated carrier signals and
unmodulated carrier signals, to IF signals and to demodulated baseband

signals.
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4.3 Other Implementations

The implementations described above afe pfovided for pufposes of
illustration. These implementétions are not intended to limit the invention.
Alternate implement;ations, differing slightly or substantially” from thdse
described herein, will be apparent to persons skilled in the relevant art(s) based
on the teachings contained herein. Such alternate implementations fall within

the scope and spirit of the present invention.

5. Optional Optimizations of Under-Sampling at an Aliasing

Rate : '

The methods and . systems described in sections above can be
optionally optimized with one or more of the optimiZation methods or syétg:ms

described below.

5.1  Doubling the Aliasing Rate (FAR) of the Under;SampIing
Signal

In an embodiment, the optional under-sampling signal module 3002 in
FIG. 30 includes a pulse generator module that generates aliasing pulses at a
multiple of the frequency of the oscillating source, such as twice the frequency
of the oscillating source. The input signal 2926 may be any suitable oscillating
source.

FIG. 31A illustrates an example circuit 3102 that generates a doubler
output signal 3104 (FIG. 31A and C) that may be used as an under-sampling
signal 1604. The example circuit 3102 generates pulses on rising and falling
edges of the input oscillating signal 3106 of FIG. 31B. Input oscillating signal
3106 is one-embodiment of optional input signal 2926. The circuit 3102 can
be implemented as a pulse generator and aliasing rate (F,g) doubler, providing

the under-sampling signal 1604 to under-sampling module 1606 in FIG. 30.
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- The aliasing rate is twice the frequency of the input oscillating signal

F,.. 3106, as shown by EQ. (9) below.

Fpp=2.F EQ.(9)

The aperture width of the aliasing pulses is determined by the delay

‘through a first inverter 3108 of FIG. 31A. As the delay is increased, the

apérture is increased. A second inverter 3112 is shown to maintain polarity

‘consistency with exémples described elsewhere. In an altemate.err:ibodiment
‘inverter 3112 is omitted. Preferably, the pulses have negligible aperture
‘widths that tend toward zero time. The doubler output sig'nai 3104 may be
‘further conditioned as appropriate to drive a switch module with negligible
.aperture pulses. The circuit 3102 may be implemented with integrated

circuitry, discretely, with equivalent logic circuitry, or with any valid

fabrication technology.

5.2  Differential Implementations

The invention can be implemented in a variety of differential

configurations. Differential configurations are useful for reducing common

mode noise. This can be very useful in receiver systems where common mode

iinterference can be caused by intentional or unintentional radiators such as

cellular phones, CB radios, electrical appliances etc.  Differential

‘configurations are also useful in reducing any common mode noise due to

‘charge injection of the switch in the switch module or due to the design and

layout of the system in which the invention is used. Any spurious signal that

is induced in equal magnitude and equal phase in both input leads of the
invention will be substantially reduced or eliminated. Some differential

configurations, including some of the configurations below, are also useful for

increasing the voltage and/or for increasing the power of the down-converted
signal 1308A. While an example of a differential under-sampling module is

shown below, the example is shown for the purpose of illustration, not
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limitation. . = Alternate embodiments (including equivalents, -extensions,

variations, deviations, etc.) of the embodiment described herein will be

- apparent to those skilled in the relevant art based on the teachings contained

herein. The invention is intended and adapted to include such alternate
embodiments. |

FIG. 44A illustrates an example differential system 4402 that can be
included in the under-sampling module 1606. The differential system 4202

includes an inverted under-sampling design similar to that described with

reference to FIG. 42. The differential system 4402 includes inputs 4404 and

4406 and outputs 4408 and 4410. The differential system 4402 includes a first
inverted sample and hold module 4412, which includes a holding module 4414
and a switch module 4416. The differential system 4402 also includes a
second inverted sample and hold module 4418, which includes a holding
module 4420 and the switch module 4416,' which it shares in common with
sample and hold module 4412.

One or both of the inputs 4404 and 4406 are coupled to an EM signal
source. For example, the inputs can be coupled to an EM signal source,
wherein the input voltages at the inputs 4404 and 4406 are substantially equal
in amplitude but 180 degrees out of phase With one another. Alternatively,
where dual inputs are unavailable, one of the inputs 4404 and 4406 can be
coupled to ground. _ |

In operation, when the switch module 4416 is closed, the holding
modules 4414 and 4420 are in series and, provided they have similar
capacitive values, they charge to equal amplitudes bﬁt opposite polarities.
When the switch module 4416 is open, the voltage at the 6utput 4408 is
reiativé to the input 4404, and the voltage at the output 4410 is relative to the
voltage at the input 4406. |

Portions of the voltages at the outputs 4408 and 4410 include voltage
resulting from charge stored in the holding. modules 4414 and 4420,

respectively, when the switch module 4416 was closed. The portions of the
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voltages at the outputs 4408 and 4410 resulting from the stored charge are
generally equal in amplitude to one another but 180 degrees out of phase.
Portions of the voltages at the outputs 4408 and 4410 also include
ripple voltage or noise resulting from the switching action of the switch
module 4416. But because the switch module is positioned between the two

outputs, the noise introduced by the switch module appears at the outputs 4408

“and 4410 as substantially equal and in-phase with one another. As a result, the

ripple volfage can be substantially filtered out by inverting the voltage at one

of the outputs 4408 or 4410 and adding it to the other remaining output.
Additionally, any noise that is impressed with substantially equal amplitude
and equal phase onto the input terminals 4404. and 4406 by any other noise

“sources will tend to be canceled in the same way.

‘The differential system 4402 is effective when used with a dlfferennal
front end (inputs) and a differential back end (outputs). It can also be utilized

in the following configurations, for example:

a) A single-input frdnt end and a differential back end; and
b) A differential front end and single-output back end.

| Examples of these system are provided below.

'5.2.1 - Differential Input-to-Differential Output

FIG. 44B illustrates the differential system 4402 wherein the inputs

4404 and 4406 are coupled to equal and opposite EM s1gnal sources,
illustrated here : as dipole antennas 4424 and 4426. In this embodiment, when
one of the outputs 4408 or 4410 is inverted and added to. the other output, the

common mode noise due to the switching module 4416 and other common

mode noise present at the input terminals 4404 and 4406 tend to substantially

" cancel out.
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5.2.2 Single Input-to-Differential Output

FIG. 44C illustrates the differential system 4402 wherein the input
4404 is coupied to an EM signal“ source such as a monopole antenna 4428 and
the input 4406 is coupled to ground.

FiG. 44E illustrates an examplé single input to differential output
receiver/down-converter system 4436. The system 4436 includes the
differential .system 4402 wherein the input 4406 is coupled to ground. The
input 4404 is coupled to an EM signal source 4438. |

The outputs 4408 and 4410 are coupled to a differential circuit 4444
such as a filter, which preferably inverts one of the outputs 4408 or 4410 and
adds it to the other output 4408 or 4410. This substantially cancels common
mbdé noise generated by the switch module 4416. The differential circuit
4444 preferably filters the higher frequency components of the EM sig.nall
1304 that pass through the holding modules 4414 and 4420. The resultant
filtered signal is output as the down-converted signal 1308A._

- 5.2.3 Differential Input-to-Single Output

FIG. 44D illustrates the differential system 4402 wherein the inputs
4404 and 4406 are coupled to equal and opposite EM signal sources illustrated
here as dipole antennas 4430 and 4432. The output is taken from terminal
4408.

5.3  Smoothing the Down-Converted Signal

The down-converted signal 1308A may be smoothed by filtering as
desired. The differential circuit 4444 implemented as a filter in FIG 44E

illustr_ates but one example. Filtering may be accomplished in any of the
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described embodiments by hardware, firmware -and software implementation

~as is well known by those skilled in the arts.

5.4 - Load Impedance and Input/Output Buffering

Some of the characteristics of the down-converted signal 1308A

-depend upon characteristics of a load placed en the down-converted signal

'1308A. For example, in an embodiment, when the down-eonverted signal

1308A is coupled to a high 1mpedance load, the charge that is applied to a
holdmg module such as holding module 2706 i in FIG 27 or 2416 in FIG. 24A

_durmg a pulse generally remains held by the holding module until the next
_pulse. This results in a substantl_ally stair-step-like representation of the dov'vn-.
‘converted signal 1308A as illustrated in FIG. 15C, for example. A hfgh

) 1mpedance load enables the under—samplmg system 1606 to accurately

represent the voltage of the orlgmal unaffected input sxgnal

The down-converted signal 1308A can be buffered w1th a hlgh

_lmpedance amplifier, if desued

Alternatively, or in addition to bufferihg tbe _down_-convertéd Signal

1308A, the input EM signal may be buffered or amplified by a low noise

amplifier.

5.5  Modifying the Under-Sampling Signal Utilizing Feedback

FIG. 30 shows an embodiment of a system 3001 which uses down-

‘converted signal 1308A as feedback 3006 to control various characteristics of -

the under-sampling module 1606 to modify the down-converted signal 1308A.
Generally, the amplitude of the down-converted signal 1308A varies as
a function of the frequency and phase differences between the EM signal 1304

and the under-sampling signal 1604. In an embodiment, the down-converted

'signal 1308A is used as the feedback 3006 to control the frequency and phase

relationship between the EM signal 1304 and the under-sampling signal 1604.
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This can be accomplished using the example. block diagram shown .in FIG
32A. The example circuit illustrated in FIG. 32A can be included in the
under-sampling signal module 3002. Alternate implementations will be
apparent to persons skilled in the relevant art(s) based on the teachings
contained herein. Alternate implementations fall within the scope and spirit of
the present invention. In this embodiment a state-machine is used for clarity,
and is not limiting:

In the example of FIG. 32A, a state machine 3204 reads an analog to
digital converter, A/D 3202, and controls a digital to analog converter (DAC)

3206. In an embodiment, the state machine 3204 includes 2 memory

_ locations, Previous and Current, to store and recall the results of reading A/D |

3202. In an embodiment, the state machine 3204 utilizes at least one memory
flag.

DAC 3206 controls an input to a voltage controlled oscillator, VCO
3208. VCO 3208 controls a frequency input of a pulse generator 3210, which,
in an embodiment, is substantially similar to the pulse generator shown in FIG.
29J. The pulse generator 3210 generates the under-sampling signal 1604.

In an embodiment, the state machine 3_204 operates in accordance with
the state machine flowchart 3220 in FIG. 32B. The result of this operation is
to modify the frequency and phase relationship between the. under-sampling
signal 1604 and the EM signal 1304, to substantially maintain the amplitudé of
the down-converted signal 1308A at an optimum level. _

The amplitude of the down-converted signal 1308A can be ‘made to

vary with the amplitude of the under-sampling signal 1604. In an embodiment

. where Switch Module 2702 is a FET as shown in FIG 28A, wherein the gate

2804 receives the under-sampling signal 1604, the amplitude of the under-
sampling signal 1604 can determine the "on" resistance of the FET, which
affects the amplitude of down-converted signal 1308A. Under-sampling
signal module 3002, as shown in FIG. 32C, can be an analog circuit that

enables an automatic gain control function. Alternate implementations will be

PCT/US00/09911



10

15

20

25

WO 00/64042

-130-

apparent to -persons-skilled - in the relevant:art(s) based on'the teachings
contained herein. Alternate implementations fall within the scope and spirit of -

- the present invention.- -~ -

III. Down-Converting by Transferring Energy =

~ The energy transfer embodiments of . the invention provide enhanced

| signal to noise ratios and sensitivity to very small signals, as well as permitting
“the down-converted signal to drive lower impedance loads unassisted. The
energy transfer aspects of the invention are represented generally by 4506 in

F IG_S. 45A and 45B. Fundamental descriptions of how this is accomplished is

presented step by step beginning with a comparison with an under-sampling

system.

01 Energy Transfer Compared to Under-Sampling

Section II above disclosed methods and systems for down-converting

:an EM signal by under-sampling. The under-sampling systems utilize a-
“sample and hold system controlled by an under—sampling signal. The under- -
“sampling signal includes a train of pulses having negligible apertures that tend
towards zero time in duratioﬁ. The negligible aperture pulses minimize .the-

.amount of energy transferred from the EM signal. This protects the under-

sampled- EM signal from distortion or destruction. The negligible aperture

-pulses also’ make the sample and hold system a high impedance system. An

advantage of under-sampling is that the high impedance input allows accurate

‘voltage reproduétioh of the under-sampled EM signal. The methods and

systems disclosed in Section II are thus useful for many situations including,
but not limited to, monitoring EM signals without distorting or destroying

them.
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- Because the under-sampling systems disclosed in Section II transfer
only negligible amounts of energy, they are not suitable for all situations. For
example, in radio communications, received radio frequency (RF) signals are
typically very weak and must be amplified in order to distinguish them over

5 noise. The negligible amounts of energy transferred by the under-sampling
systems disclosed in Section II may not be sufficient to distinguish received
RF signals over noise.

In accordance with an aspect of the invention, methods and systems are
disclosed below for down-converting EM signals by transferring non-
10 negligible amounts of energy from the EM signals. The resultant down-
converted signals have sufficient energy to allow the down-converted signals
to be distinguishable from noise. The. resultant down-converted signals also

have sufficient energy to drive lower impedance circuits without buffering. -
Down-converting by transferring energy is introduced below in an
15 incremental fashion to distinguish it from under-sampling. The introduction

begins with further descriptions of under-sampling.

0.1.1 Review of Under-Sampling

FIG. 78A i.llustrates an exemplary under-sampling 'sys.tem. 7802 fbr'

20 down-converting an input EM signai 7804; The under-sampling system 7802
includes a switching module 7806 aﬁd a hblding module éhown asa holding

capacltance 7808. An under-samplmg sxgnal 7810 controls the switch module

7806. The under-samphng signal 7810 includes a train of pulses havmg.

neghglble pulse widths that tend toward zero time. An example of a

25 negligiblé pulse width or duration can be in the range of 1-10 péeé for under-
samplmg a 900 MHZ signal. Any other sultable negligible pulse duration can |

be used as well, ‘where accurate reproductlon of the orlglnal unaffected input

signal voltage is desired without substantially affecting the original input

signal voltage.
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~ In ‘an’ under-sampling “environment, the" holding  capacitance 7808

- preferably has a small capacitance value. ' This allows the holding capacitance

7808 to substantially charge to the voltage of the input EM signal 7804 during

the negligible apertures of the under-sampling signal pulses.. For example, in-

" an embodiment, the holding capacitance 7808 has a value in the range of 1pF.

Other suitable capacitance values can be used to achieve substantially the
voltage of the originél unaffected input signal. Various capacitances can be
employed for certain effects, which are described below.  The - under-

sampling system is coupled to a load 7812. In FIG. 78B, the load 7812 of

'FIG. 78A is illustrated as a high impedance load 7818. A high impedance

load is one that is relatively insignificant to an output drive impedance of the
system for a given output frequency. The high impedance load 7818 allows -

the holding capacitance 7808 to substantially maintain the charge accumulated

' during the under-samphng pulses.

FIGS. 79A-F illustrate example tlmmg diagrams for the under-

sampling system 7802. FIG. 79A illustrates an example input EM signal.
7804. ' -

- FIG. 79C illustrates an example under-sampling signal 7810, including

pulses 7904 having negligible apertures that tend towards zero time ‘in -

duration.

FIG. 79B illustrates the negligible effects to the input EM signal 7804

“when under-sampled, as measured at a terminal 7814 of the under-sampling

system 7802. In FIG. 79B negligible distortions 7902 correlate with the

pulses of the under-sampling signal 7810. In this embodiment, the negligible

distortions 7902 occur at different locations of subsequent cycles of the input

EM signal 7804. As a result, the input EM signal will be down-converted.

The negligible distortions 7902 represent negligible amounts of energy, in the

form of charge that is transferred to the holding capacitance 7808.

When the load 7812 is a high impedance load, the holding capacitance
7808 does not significantly discharge between pulses 7904. As a result,
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charge that is transferred to the holding capacitance 7808:during a pulse 7904
tends to “hold” the voltage value sampled constant at the terminal 7816 until
the next pulse 7904. When voltage of the input EM signal 7804 changes
between pulses 7904, the holding -capacitance 7808 substantially attains the
new voltage and the resultant voltage at the terminal 7816 forms a stair step
pattern, as illustrated in FIG. 79D. '

FIG. 79E illustrates the stair step voltage of FIG. 79D on a compressed
time scale. The stair step voltage illustrated in FIG. 79E can be filtered to
produce the signal illustrated in FIG. 79F. The signals illustrated in FIGS. -
79D, E, and F have substantially all of the baseband characteristics of the input
EM signal 7804 in FIG. 79A, except that the signals illustrated in FIGS. 79D,
E, and F have been successfully down-converted.

Note that the voltage level of the down-converted signals illustrated in
FIGS. 79E and 79F are substantially close to the voltage level of the input EM
signal 7804. - The under-sampling system 7802 thus down-converts the input
EM signal 7804 with reasonable voltage reproduction, without substantially
affecting the input EM signal 7804. But also note that the power available at
the output is relatively negligible (e.g. :V¥/R; ~ 5mV and 1 MOhm), given the
input EM signal 7804 would typically have a driving impedance, in an RF
environment, of 50 Ohms (e.g.: V¥/R; ~ SmV and 50 Ohms).

0.1.1.1 - Effects - of Lowering the
Impedance of the Load

Effects of lowering the impedance of the load 7812 are now described.

FIGS. 80A-E illustrate example timing diagrams for the undet-sampling

system 7802 when the load 7812 is a relatively low impedance load, one that

is significant relative to the output drive impedance of the system for a given
output frequency. '

. FIG. 80A illustrates an example input EM signal 7804, which is

substantially similar to that illustrated in FIG. 79A. -
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FIG. 80C illustrates an example under-sampling signal 7810, including
pulses 8004 having negligible apertures that tend towards zero time in-
duration. The example under-sampling signal 7810 illustrated in FIG. 80C is
substantially similar to that illustrated in FIGS. 79C.

FIG.80B illustrates the negligible effects to the input EM signal 7804

‘when under-sampled, as measured at a terminal 7814 of the under-sampling

system 7802. In FIG. 80B, negligible distortions 8002 correlate with the
pulses 8004 of the under-sampling signal 7810 in FIG. 80C. In this example,
the negligible distortions 8002 occur at different locations of subsequent .
cycles of the input EM signal 7804. As a result, the input EM signal 7804 will
be down-converted. The negligible distortions 8002 represent negligible

amounts. of energy, in the form of charge that is transferred to the holding

“capacitance 7808.

When the load 7812 is a low impedance load, the holding capacitance
7808 is significantly discharged by the load between pulses 8004 (FIG. 80C).

'As a result, the holding capacitance 7808 cannot reasonably attain or “hold”-

~ the voltage of the original EM 'input signal 7804, as was seen in the case of -

FIG. 79D. Instead, the charge appears as the output illustrated in FIG. 80D. -
FIG. 80E illustrates the output from FIG. 80D on a compressed time

. scale. The output in FIG. 80E can be filtered to produce the signal illustrated.

in FIG. 80F. The down-converted signal illustrated in FIG. 80F is -
substantially similar to the down-converted signal illustrated in FIG. 79F,
except that the signal illustrated in FIG. 80F is substantially smaller in
magnitude than the amplitude of the down-converted signal illustrated in FIG..

‘79F. This is because the low impedance of the load 7812 prevents the holding

capacitance 7808 from reasonably attaining or “holding” the voltage of the

original EM input signal 7804. As a result, the down-converted signal

Allustrated in FIG. 8(_)F cannot provide optimal voltage reproduction, and has

relatively negligible power available at the output (e.g.: V¥/R; ~ 200V and

- 2KOhms), given the input EM signal 7804 would typically have a driving
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impedance, in an RF environment, of 50 Ohms (e.g.: V¥R; ~ SmV and 50
Ohms). -

0.1.1.2 Effects . of Increasing the
Value of the Holding
Capacitance '

Effects of increasing the_vaiue of the holding capacitance 7808, while
having to drive a low impedance load 7812, is_ﬁow described. FIGS. 81A-F
illustrate example timing diagrams for the under-sampling system 7802 when
the holding capacitance 7808 has a larger value, in the range of 18pF for -
example. _ : _
FIG. 81 A illustrates an example input EM signal 7804, which is
sﬁbstantially similar to that illustrated in FIGS. 79A and 80A.

_ FIG. 81C illustrates an example under-sampling signal 7810, including
pulses 8104 having negligible apertures that tend towards zero time in
duration. The example under-sampling signal 7810 illustrated in FIG. 81C is
substantially similar to that illustrated in FIGS. 79_C and 80C.

- FIG8IB illustr_ates the negligible '_effects to the input EM signal 7804
when under-sampled, as measured at a terminal 7814 of the under-sampling
system 7802. In FIG. 81B, negligible distortions 8102 correlate with the
pulses 8104 of the under-sampling signal 7810 in FIG. 81C. Upon close -
inspection, the negligible distortions 8102 occur at different locations of
subsequent cycles of the input. EM signal 7804. As a result, the input EM
signal 7804 will be down-converted. The negligible distortions 8102 represent
negligible amounts of energy, in the form of charge that is transferred to the
holding capacitance 7808.

FIG. 81D illustrates the .voltage measured at the terminal 7816, which
is a result of the holding capacitance 7808 attempting to attain and “hold” the
original input EM signal voltage, but failing to do so, during the negligible
apertures of the pulses 8104 illustrated in FIG. 81C.
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Recall that when the load-7812 is a low-impedance. load, the holding

. capacitance 7808 is significantly discharged by the load between pulses 8104 -

(FIG. 81C), this again is'é_een in FIGS. 81D and E. Asa result, the holding
capacitance 7808 éanr;qt reésoﬁably attain or “hold” the voltage of the original
EM inpl-lt:. signal 7804, as was seen in the case of FIG. 79D. instead, the
charge appears as the output illustrated in FIG. 81D.

FIG. 81E illustrates the down-converted signal 8106 ona compressed
time scale. Note that the amplitude of the doWn-com)erted signal 8106 -is
signiﬁcantly less than the arhplitude of the down-converted signal illustrated
in FIGS. 80D and 80E. This is due to the.higher capacitive value of the

holding capacitance 7808. Generally, as the capacitive value increases, it

‘requires more charge to increase the voltage for a given aperture. Because of

the negligible aperture of the 'pulses 8104 in FIG. 81C, there is insufficient

time to transfer significant amounts of energy or charge from the input EM

. signal 7804 to the holding capacitance 7808. As a result, the amplitudes
attained by the holding capacitance 7808 are significantly less than the

amplitudes of the down-converted signal illustrated in FIGS. 80D and 80E.
In FIGS. 80E and 80F, the output signal, non-filtered or filtered, cannot

provide optimal voltage reproduction, and has relatively negligible power

available at the output (e.g.: V¥/R; ~ 150 V and 2KOhms), given the input EM

:sigﬁal 7804 would typically have a driving impedance, in an RF environment,

of 50 Ohms (e.g.: V¥/R; ~ SmV and 50 Ohms).

In summary, under-sampling systems, such as the under-sampling |

- system 7802 illustrated in FIG. 78, are well suited for down-converting EM

signals with relatively accurate voltage reproduction. Also, they have a

negligible affect on the original input EM signal. As illustrated above,
however, the under-sampling systems, such as the under-sampling system
7802 iIlus'tratéd in FIG. 78, are not well suited for transferring energy or for

driving lower impedance loads.
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0.1.2 Introduction to Energy Transfer

In an embodiment, the present mventlon transfers energy from an EM
S1gna1 by utilizing an energy transfer signal instead of an under—samplmg.
sxgnal. Unlike under-sampling signals that have negligible aperture pulses, the
5 energy transfer signal includes a train of pulses having non-negligible
ap..'ertures that tend away from zero. This provides more time to transfer
energy from an EM input s1gnal One direct benefit is that the input
impedance of the system is reduced so that practical 1mpedance matching
circuits can be implemented to further 1mprove energy transfer and thus
10 overall efficiency. The non—neghglble transferred energy 51gn1ﬁcantly
lmproves the signal to noise ratio and sens1t1v1ty to very small sngnals as well
as permlttmg the down-converted signal to drive lower 1mpedance loads’
una351sted Slgnals that espec1al]y benefit include low power ones typlﬁed by
RF signals. One benefit of a non-negligible aperture is that phase noise within
t.S the energy transfer signal does not have as drastlc of an effect on the down-
converted output 51gnal as under-samphng s1gna1 phase noise or conventional
samphng si gnal phase noise does on their respective outputs '
FIG. 82A illustrates an exemplary energy transfer system 8202 for
dan—convertmg an input EM sxgnal 8204. The energy transfer system 8202
20 includes a switching module 8206 and a stprage module illustrated as a storage
capacitance 8208. The terms storage module and storage capaeitanee, as used
herein, are distinguishable from the terms holding module and .holding
capacitance, respectlvely Holding modules and holding capacitances, as
used above, identify systems that store negligible amounts of energy from an
25 under-sampled input EM signal with the intent of “holding” a voltage value.
Storag.e: modules and storage eapacitances, on the other hand, refer to systems
that store non-negligible amounts of energy from an input EM signal.
_The energy transfer system 8202 receives .an energy transfer signal

8210, which controls the switch module 8206. The energy transfer signal
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8210 includes a train of energy transfer pulses having non-negligible pulse -
widths that tend away from zero time in duration. The non-negligible pulse

widths can be any non-hegligible amount. For example, the non-negligible

'pulse widths can be ¥; of a period of the input EM signal. Alternatively, the,

non_-negligible pulse widths can be any other fraction of a period of the input
EM signal, or a- multiple of é period plus a fraction. In an e.xaz.nple.
embodiment, the input EM sign.al is approximately 900 MHZ and the non-
negligible pulse width is approximately 550 pico seconds. Any other suitable
non-negligible pulse duration can be used. | |

" In an energy transfer environment, the storage module, illustrated in
FIG. 82 as a storége eapacitance 8208, preferably has the capacity to handle
the power being transferred, and to allow it to éccept a non-negligible amount

of- powér during a non-negligible aperture period. This allows the storage

'capacitance 8208 to store energy transferred from the input EM signal 8204,

without substantial concern for accurately réproducing the original, unaffected

‘voltage level of the input EM signal 8204. For example, in an embodiment,

the storage capacitance 8208 has a value in the range of 18pF. Other suitable’
capacitance values and storage modules can be used. |

One benefit of the _e_nergy transfer system 82_02 is-that, even when the
input EM signal 8204 is a'.very small signal, the energy transfer system 8202

transfers enough energy from the input EM signai 8204 that the input EM

signal can be efficiently down-converted.
The energy transfer system 8202 is c'oupled to a load 8212. Recall”

from thé overview of under-sampling that loads can be classified as high

impedance loads or low impedance loads. A high impedance load is one that

is relatively insignificant to an output drive impedance of the system for a

given output frequency. A low impedance load is one that is relatively

significant. Another benefit of the energy transfer system 8202 is that the non-
negligible amounts of transferred energy permit the energy transfer system

8202 to effectively drive loads that would otherwise be classified as low
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impedance loads in under-sampling systems and conventional sampling

systems. In other words, the non-negligible amounts of transferred energy

ensure that, even for lower impedance loads, the storage capacitance 8208

accepts and maintains sufficient energy or charge to drive the load 8202. This
5 is illustrated below in the timing diagrams of FIGS. 83A-F.’

FIGS. 83A-F illustrate example timing diagrams for the energy
transfer system 8202 in FIG. 82. FIG. 83A illustrates an example input EM
signal 8302. o _ _

FIG. 83C illustrates an example under-sampling signal 8304, including

10 energy transfer pulses 8306 having non-negligible apertures that tend away
from zero time in duratlon

FIG.83B 1llustrates the effects to the input EM signal 8302, as
measured at a terminal 8214 in FIG. 82A, when non-negligible amounts of
energy are transfer from it. In FIG. 83B, non—negligii)le distortions 8308

15 correlate with the energy transfer pulses 8306 in FIG. 83C. In this example,
the non-negligible distortions 8308 occur at different locations of subsequent
cycles of the input EM signal 8302. Thé nbn—negligible distortions 8308
represent nop-negligible amounts of transferred energy, in the form of charge
that is transferred to the storage ca_pacitance.8208 in FIG. 82.

20 FIG. 83D illustrates a down-converted signal 8310 that is formed by
energy transferred from the input EM signal 8302.

FIG. 83E illustrates the down-converted signal 8310 on a compressed
time scale. The down-converted signal 8310 can be filtered to produce the
down-converted signal 8312 illustrated in FIG. 83F. The down-converted

25 signal 8312 is similar to the down-converted signal illustrated in FIG. 79F,
except that the down-converted signal 8312 has substantially more power
(e.g.: VYR; approximately (~) 2mV and 2K Ohms) than the down-converted
signal illustrated in FIG. 79F (e.g.: V/R; ~ 5mV and 1M Ohms) . As a result,
the down-converted signals 8310 and 8312 can efficiently drive lower

30 impedance loads, given the input EM signal 8204 would typically have a
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- driving impedance;- in an RF environment, of 50 Ohms (VZAIR;- ~5mV'and 50.
- Ohms). ' "

The energy transfer aspects of the invention are represented generally

by 4506 in FIGS. 45A and 45B.

L Dawn-Convérting an EM Signal to an IF EM Signal by
Transferring Energy from the EM Signal at an Aliasing Rate

In an embodiment, the invention down-converts an EM signal to an IF

“signal by tra_nsferring energy from the EM signal at an aliasing rate. This

embodiment is illustrated by 4514 in FIG. 45B.

This embodiment can be implemented with any type of EM signal,
including, but not limited to, modulated carrigf signals and unmodulated -
carrier signals. Thisémbodimeht is described herein using the modulated
carrier signal Fyc in FIG. 1 as an example. In the example, the modulated
carrierl signal Fy¢ is down-converted to an intermediate frequency (IF) signal

F;.. The intermediate frequency signal F,; can be demodulated to a baseband

signal FDMB using conventional demodulation techniques. Upon reading the

disclosure and examples therein, one skilled in the relevant art(s) will

‘understand that the invention can be implemented to down-convert any EM

signal, including, but not limited to, modulated carrier signals and

‘unmodulated carrier signals.

The following sections describe methods for down-converting an EM |

‘signal to an IF signal F,; by transferring energy from the EM signal at an

‘aliasing rate. Exemplary structural embodiments for implementing the

methods are also described. It should be understood that the invention is not

limited to the particular embodiments described below. Equivaient's,

‘extensions, variations; deviations, etc., of the following will be apparent to -

persons skilled in the relevant art(s) based on the teachings contained herein.

Such equivalents, extensions, variations, deviations, etc., are within the scope

-and spirit of the present invention.
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The . following sections- include -a high level discussion, example

embodiments, and implementation examples.

1.1  High Level Description

This section (including its subsections) provides a high-level
description of down;converting an EM signal to an IF signal F; by
transferring energy, according to the fnvention. In particular, an operational -
prdc.éSs' of down-converting the modulated carrier signal FMC to the IF
modulated carrier signél Fr, by transferring energy, is described at a high-
level. Also, a structural implementation for implementing this process is
déScr‘ibéd .at. a high-lével. This structural implementation is described herein
for illustrative purposes, and is not limiting. In particular, the 'process
described in this section can be achieved using any number of structural
implementations, one of which is described in this section. The details of such
structural implementaﬁbns'will be apparent to persons skilled in the relevant

art(s) based on the teachings contained herein.

L11 Operatiénal Description

FIG. 46B depicts a flowchart 4607 that illustrates an exemplary
method for down-converting an EM signal to an intermediate signal Fy, by
transferring .energy from the EM signal at an aliasing rate. The exemplary
method illustrated in the flowchart 4607 is an embodiment of the flowchart
4601 in FIG. 46A. '

Any and all combinations of modulation techniques are valid for this
invention. For ease of discussion, the digital AM carrier signal 616 is used to
illustrate a high level operational description of the invention. Subsequent
sections provide detailed flowcharts and descriptions for AM, FM and PM
example embodiments. Upon reading the disclosure and examples therein,

one skilled in the relevant art(s) will understand that the invention can be
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imiplémented to down-convert-any type of EM signal, including any form of -
modulated carrier signal and unmodulated carrier signals. "~ ¢ -

The method illustrated in the flowchart 4607 is now described at a high
level using the digital AM carrier signal 616 of FIG: 6C. Subsequent sections .
provide detailed flowcharts and descriptions for AM, FM and PM example -

embodiments. Upon reading the di.sclosure and examples therein, one skilled

in the relevant art(s) will understand that the invention can be implemented to

down-convert any type of EM signal, including any form of modulated carrier
signal and unmodulated carrier signals. |

3 The process begins at step 4608, which includes receiving an EM
signal. 'Sfep 4608 is illustrated by the digital AM carrier signal 616. The
digital AM carrier signal 616 of FIG. 6C is re-illustrated ih FIG. 47A for
conVenicnée. FIG. 47E illustrates a portion of the digital AM carrier signal

616 on an éxpanded time scale.

Step 4610 includes receiving an energy transfer signal having an
aliasing rate Fp. FIG. 47B illustrates an example energy transfer signal 4702.
The energy transfer signal 4702 includes a train of energy transfer pulses 4704

‘having non-negligible apertures 4701 that tend away from zero time duration.

'Generally, the apertures 4701 can be any time duration other than the period of

the EM signal. For example, the apertures 4701 can be greater or less than a

‘period of the EM signal. Thus, the apertures 4701 can be approximately 1/10,

Vi, Y5, 3/4, etc., or any other fraction of the period of the EM signal.-’
Alternatively, the apertures 4701 can be approximately equal to one or more
periods of the EM signal plus 1/10, Y%, ', 3/4, etc., or any other fraction of a
period of the EM signal. The apertures 4701 can be optimized based on one or
more of a variety of criteria, as described in sections below.

The energy transfer pulses 4704 repeat at the aliasing rate. A suitable
aliasing rate can be determined or selected as described below.. Generally,
when down-converting an EM signal to an intermediate signal, the aliasing

rate is substantially equal to a difference frequency, which is described below,
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or substantially equal to a harmonic or, more typically, a sub-harmonic of the
difference frequency.

Step 4612 includes transferring energy from the EM signal at the
aliasing rate to down-convert the EM signal to the intermediate signal Fy.

FIG. 47C illustrates transferred energy 470'6, which is transferred from the EM

~'signal during the energy transfer pulses 4704. Because a harmonic of the

aliasing rate occurs at an off-set of the frequency of the AM signal 616, the
pulses 4704 "walk through" the AM signal 616 at the off-set frequency. By
"walking through" the AM signal 616, the transferred energy 4706 forms an
AM intermediate signal 4706 that is similar to the AM carrier signal 616,
except that the AM intermediate signal has a -lower frequency than the AM
carrier signal 616. The AM carrier signal 616 can be down-converted to any
frequency below the AM carrier signal- 616 by adjusting the aliasing rate F,;,
as described below. |
. FIG. 47D depicts the AM intermediate signal 4706 as a filtered output
signal 4708. In an alternative embodiment, the invention outputé a stair step,
or non-filtered output signal. The choice between filtered, partially filtered
and non-filtered output signals is generally a design choice that depends upon
the application of the invention.
The intermediate frequency of the down-converted signal F, which, in
this example, .is the intermediate signal 4706 anc.i 4708, can be determined

from EQ. (2), which is reproduced below for convenience.
Fc=neF, st Fy EQ. (2

A suitable aliasing rate F,; can be determined in a variety of ways. An
example method for determining the aliasing rate F,p, is provided below.
After reading the description herein, one skilled in the relevant art(s) will

understand how to determine appropriate aliasing rates for EM signals,

PCT/US00/09911



WO 00/64042 PCT/US00/09911

144 -

including ones in addition to the modulated carrier signals specifically
illustrated herein.
In FIG. 48, a flowchart 4801 illustrates an example process for
determining an aliasing rate F,;. But a designer-may: choose; or an application
5 may dictate, that the values be determined in an order that is different than the
illustrated order. The process begins at step 4802, which includes .
determining, or selecting; the frequency of the EM signal. The frequency of
the AM carrier signal 616 can be, for example, 901 MHZ. |
~ Step 4804 includes determining, or selectmg, the mtermed1ate
10 frequency. This is the frequency to which  the EM signal will be down-
cortverted The itxtermediate frequency can be determined, or selected, to
match a frequency requirement of a down-stream demodulator. The
intermediate frequeney can be, for example, 1| MHZ. | |
Step 4806 1ncludes determmmg the aliasing rate or rates that w111
15 down-convext the EM signal to the IF specified in step 4804.
EQ. (2) can be rewritten as EQ. (3):

neFar = Fq T P | | - | .-1.3.Q'~'(3)
20 Which can be rewritten s EQ. (4):
_ Fc:Fir |
Far _ EQ.(4)
or as EQ. (5):
25 B o Far - FC;F'F EQ. (5)

(Fc = Fyp) can be defined as a difference value Fows as illustrated in

EQ. (6):
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(Fc £ Fip) =Fppe EQ. (6)

EQ. (4) can be rewritten as EQ. (7):

N - Forr =~ : - EQ. (7)
Far

From EQ. (7), it can be seen that, for a given n and a constant F g, Fper
is éonstant. For the case of Fp; = Fc - Fy;, and for a constant Fp, as Fe
increases, F; necessarily increases. For the case of Fpe = F¢ + Fy, and for a
10 constant F,z, as F¢ increases, F); necessarily decreases. In the latter case. of
Fpiee = Fc + Fyi, any phase or frequency changes on F correspond to reversed
or inverted phase or frequency changes on F;;. This is mentioned to teach the
reader that if Fpp = Fc + Fye is used, the above effect will occur to the phase:
and frequency response of the modulated intermediate signal F.
15 - EQs. (2) through (7) can be solved for any valid n. A suitable n can be
determined. for ahy given difference frequency Fpr and for any desired
aliasing rate Fppesieqy EQs. (2) through (7) can be utilized to identify a
specific harmonic closest to a desired aliasing rate F zpesieqy that will generate
the desired intermediate signal F,.
20 An example is now provided for determining a suitable n for a given
difference frequency Fpp and for a desired al'ia'sing rate Frpesicea)- FOI €ase of

illustration, only the case of (F¢ - Fg) is illustrated in the example below.

_ Fc-Fr _ Forr
FaARuesen ) F Ar@esiea

25 - The desired aliasing rate F,gpesieqy Can be, for example, 140 MHZ.
Using the previous examples, where the carrier frequency is 901 MHZ and the

IF is 1 MHZ, an initial value of n is determined as:
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901 MHZ - IMHZ _ 900 _

n= —

140 MHZ . 140 _-6'4

The initial value 6.4 can be rounded up or down to the valid nearest n, which
was defined above as including (0.5, 1, 2, 3, . . .). In this example, 6.4 is
‘rounded down to 6.0, which is inserted into EQ. (5) for the case of (F; - F;p) =

Fowr.:

E

[

"FIF

Fax -

MHZ-1MHZ MHZ
Far = %01 3 = 9006 - 150 MHZ

" Inother words, transferring energy from a 901 MHZ EM carrier signal

at 150 MHZ generates an intermediate signal at | MHZ. When the EM carrier
'signal is a modulated carrier signal, the intermediate signal will also
‘'substantially include the modulétion. The modulated intermediate signal can
:b_e demodulated through émy conventional demodulation technique.
Alternatively, instead of starting from a desired aliasing fate, a list: of
‘suitable aliasing rates can be determined from the modified form of EQ. (5),
.by sblving for various \}alues of n. Example solutions are listed below. '

(Fc-Fr) Forr 901 MHZ - 1 MHZ - 900 MHZ |
n n n - n

Sblving forn=0.5,1,2,3,4, 5 and 6:

Far

900MHZ/0.5 = 1.8 GHZ (i.e., second harmonic);
900MHZ/1 = 900 MHZ (i.e., fundamental frequency);
900MHZ/2 = 450 MHZ (i.e., second sub-harmonic);
900MHZ/3 = 300 MHZ (i.e., third sub-harmonic);
900MHZ/4 = 225 MHZ (i.e., fourth sub-harmonic);
900 MHZ/5 = 180 MHZ(i.e., fifth sub-harmonic); and
900 MHZ/6 = 150 MHZ(i.e., sixth sub-harmonic).
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" The steps described above can be performed for the case of (Fc+Fyg) in
a similar fashion. The results can be compared to the results obtained from the
case of (F-F) to determine which provides better result for an application.

5 In an embodiment, the invention down-converts an EM signal to a
relatively standard IF in the range of, for example, 100KHZ to 200 MHZ. In
another embodiment, referred to herein as a small off-set implementation, the
invention down-converts an EM signal to a relatively low frequency of, for
example, less than 100 KHZ. In another embodiment, referred to herein as a

10 large off-set implementation, the invention. down-converts an EM signal to a
relatively higher IF signal, such as, for exemple, above 200 MHZ.

" The various off-set implementations provide selectivity for different
appiications Genera]ly, lower data rate applications can operate at lower
‘intermediate frequencies. But higher mtermediate frequencres can allow more

15 information to be supported for a given modulation techmque '

In accordance with the mvention a deSIgner pleS an optimum
information bandwndth. for an application and an optimum intermediate
_frequency to support the baseband signal. The intermediate frequency should
be high enough to support the bandwidth of the modiilating baseband signal

20 Fup- |

Generally, as the aliasing rate ap;iroaches a harmonic or sui)-harmonic
frequency of the EM signal, the frequency of the down-converted IF signal
decreases. Similarly, as the aliasing rate moves away from a harmonic or sub-
harmcnic ffequency of the EM signal, the IF increases.

25 Aliased frequencies occur abcve and below every harmonic of the
aliasing frequency. In order to avoid mapping other aliasing frequencies in the
band of the aliasing frequency (IF) of interest, the IF of interest should not be
near one half the aliasing rate. |

As described in example implementations below, an aliasing moduie,

30 including a universal frequency translator (UFT) module built in accordance
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~with the invention provides a wide range of flexibility in frequency selection

and can thus be implemented in a wide range of applications. Conventional

systems cannot easily offer, or do not allow, this level of flexibility in

frequency selection. " - -

L1.1.2 Structural Description

FIG. 63 illustrates a block diagram of an energy transfer systérh 6302

~according to an embodiment of the invention. The energy transfer system

6302 is an example embodiment of the geheric aliasing system 1302 in FIG.
13. The energy transfer system 6302 includes an energy transfer module 6304.
The energy transfer module 6304 receives the EM signal .1304 aﬁd an energy
transfer signal 6306, which inc_ludes a train of energy transfer pulses having

non-negligible apertures that tend away from zero time in duration, occurring

‘at a frequency equal to the aliasing rate F,,. The energy transfer signal 6306

is an example embodiment of the aliasing signal 1310 in FIG. 13. The energy
tran.sfer module 6304 transfers energy from the EM signal 1304 at the aliasing
rate .F ar Of the energy transfer signal 6306.

Preferably, the energy transfer module 6304 ﬁansfers energy from the
EM signal 1304 to down-convert it to the intermediate signal F,; in the manner -

shown in the operational flowchart 4607 of FIG. 46B. " But it should be’

‘understood that the scope and spirit of the invention includes other structural

embodiments for performing the steps of the flowchart 4607. " The specifics of

‘the other structural embodiments will be apparent to persons skilled in the

_ relevant art(s) based on the discussion-contained herein.

The operation of the energy transfer system 6302 is now described in
detail with reference to the ﬂov.vchart 4607 and to the timing diagréﬁls
illustrated in FIGS. 47A-E. In step 4608, the energy transfer rﬁodule 6304
receives the AM carrier signal 616. In step 4610, the energy transfer module

6304 receives the energy transfer signal 4702. In step 4612, the energy
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transfer module 6304 transfers energy from the AM carrier signal 616 at the
aliasing rate to down-convert the AM carrier signal 616 to the intermediate
signal 4706 or 4708.

Example implementations of the energy transfer system 6302 are

provided in Sections 4 and 5 below.

12 Example Embodiments

Various embodiments related to the fnethod(s) and structure(s)
described ébove are presented in this section (and its subsections). These
embodiments are described herein for purposes of illustration, and not
limitaﬁon. The invention is not limitéd to these embodiments. Alternate
embodiments (including equivalents, extensions, variations, deviations, etc., of
the embodiments described herein) will be apparent to persons skilled in the
relevant art(s) based on the teachings contained herein. The invention - is
intended and adapted to include such alternate embodiments.

The method for down-converting the EM signal 1304 by transferring
energy can be implemented with any type of EM signal, including modulated
carrier signals and unmodulated carrier signals. For example, the method of
the flowchart 4601 can be implemented to down-convert AM signéls, FM
signals, PM signals, etc., or any combination thereof. Operation of the-
flowchart 4601 of FIG. 46A is described below for down-converting AM, FM
and PM. The down-conversion descriptions include down-converting to
intermediate signals, directly down-converting to demodulated baseband
signals, and down-converting FM signals to non-FM signals. The exemplary
descriptions below are intended to facilitate an understanding of the present
invention. The present invention is not limited to or by the exemplary

embodiments below.
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- 1.2.1 . First Example Embodiment: Amplitude -
:Mo_dulation

1.2.1.1  Operational Description - -

_' .Ope_.ration of the exemplary process of the flowchart 4607 in FIG. 46B

is described below for the analog AM carrier signal 516, illustrated in FIG. 5C,

and for the digital AM carrier signal 616, illustrated in FIG. 6C.

1.2.1.1.1 Analog AM Carrier Signal

A process for down-converting the analog AM carrier signal 516 in

FIG. 5C to an analog AM intermediate signal is now described for the
flowchart 4607 in FIG: .46B. The.lanalog AM carrier signal 516 is re-
tllustrated in FIG. 50A for convenience. For this example, the analog AM
_carrier signal 516 os_(ﬁllates at approximately 901 MHZ. ' In FIG. 50B, an
‘analog AM carrier sighal 5004 illustrates a portion of the analog AM carrier

signal 516 on an expanded time scale.

The prdce_ss begiris at step 4608, which' includes receiving the EM
signal. This is represented by the analog AM carrier. signal 516. |

Step 4610 -includes receiving an energy transfer signal -having an.

aliasing rate F . FIG. 50C illustrates an example energy transfer signal 5006.

on approximately the same time scale as FIG. 50B. The energy transfer signal
5006 includes a train of energy transfer pulses 5007 having non-negligible
apertures 5009 that tend away from zero time in duration. ‘'The energy transfer

pulses 5007 repeat at the aliasing rate F,, which is determined or selected as

previously described. Generally, when down-converting to an intermediate

signal, the aliasing rate F,; is substantially equal to a harmonic or, more
typically, a sub-harmonic of the difference frequency Fpee. -

Step 4612 includes transferring energy from the EM signal at the

aliasing rate to down-convert the EM signal to an intermediate signal Fj. In -

FIG. 50D, an affected analog AM carrier signal 5008 illustrates effects of
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transferring energy. from the analog AM carrier signal 516 at the aliasing rate -
Far- The affected analog AM carrier signal 5008 is illustrated on substantially
the same time scale as FIGS. 50B and 50C.

FIG 50E illustrates a down-converted AM intermediate signal 5012,
which is generated by the down-conversion process. The AM intermediate
signal 5012 is illustrated with an arbitrary load impedance. Load impedance
optimizations are discussed in Section S below.

The down-converted signal 5012 includes portions S010A, which
correlate with the energy transfer pulses 5007 in FIG. 50C, and portions
5010B, which are between the energy transfer pulses 5007. Portions 5010A
represent energy transferred from the AM analog signal 516 to a storage
device, while simultaneously driving an output load. The portions 5010A
occur when a switching module is closed by the energy transfer pulses 5007.
Portions 5010B represent energy stored in a storage device continuing to drive
the load. Portions 5010B occur when the switching module is opened after
energy transfer pulse.s'5007. - |

Because a harmonic of the aliasing rate is off-set from the analog AM
carrier signal 516, the energy transfer pulses 5007 “walk'.through” the analog
AM carrier signal 516 at the difference freq.uen(':y Fosr In other words, the
energy transfer pulses 5007 occur at different locations of subsequent cycles of
the AM carrier signal 516. Asa resuit, the energy transfer pulses 5007 capture
varying amounts of energy from the analog AM carrier signal 516, as
illustrated by portions 5010A, which provides the AM intermediate signal
5012 with an oscillating frequency F,. |

In FIG. 50F, an' AM intermediate signal 5()14 illustrates the AM
intermediate signal 5012 on a compreésed time scale. In FIG. 50G, an AM
intermediate signal 5016 represents a filtered version of the AM intermediate
signal 5014. The AM intermediate signal 5016 is substantially similar to the
AM carrier signal 516, except that the AM intermediate signal 50.16 is at the
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intermediate frequency. - The "AM intermediate ‘signal 5016 can be

" demodulated through any conventional demodulation technique.

The present invention can output the unfiltered AM intermediate signal
5014, the filtered AM intermediate ‘signal 5016, -a- partially filtered AM

intermediate signal, a stair step output signal, etc. The choice between these -

- embodiments is generally a design choice that depends upon the application of

the invention. -

The signals referred to herein illustrate frequency down-conversion in

“accordance with the invention. For example, the AM intermediate signals . -

5014 in FIG. 50F and 5016 in FIG. 50G illustrate that the AM catrier signal
516 was successfully down-converted to an intermediate signal by retaining

enough baseband information for sufficient reconstruction.

1.2.1.1.2 Digital AM Carrier Signal

A proeess for down-converting the digitai AM carrier signal 616 te a
digital AM intermediate signal is now described for the flowchart 4607 in FIG .
46B The digital AM carrier signal 616 is re-illustrated in FIG 51A for
convenience. For this example the d1g1ta1 AM carrier signal 61 6 oscillates at
approx1mately 901 MHZ. In FIG. 51B, a dlgltal AM carrier sxgnal 5104
1llustrates a portion of the digital AM carrier signal 616 on an expanded t1me
scale.

The process beglns at step 4608, which mcludes receivmg an EM'
51gnal Thrs is represented by the digital AM carrier 51gnal 61 6
_ St_ep 4610 includes receiving an energy transfer sxgnal having an
alie.sing rate FAR FIG 51C illustrates an example energy transfer signal 5106
on substantially the same time scale as FIG. 51B. The energy transfer srgnal '

5106 includes a train of energy transfer pulses 5107 having non—neghgrble

_apertures 5109 that tend away from zero time in duration. The energy transfer

pulses 5107 repeat at the aliasing rate, which is determmed or selected as
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previously described. : Generally, When- d'oWn-c_onverting to an intermediate
signal, the aliasing rate is substantially equal to a harmonic or, more typically,
a sub-harmonic of the difference frequency Fp . '
Step 4612 includes transferring energy from the EM signal at the
5 aliasing rate to down-convert the EM signal to the intermediate signal Fi.. In
FIG. 51D, an affected digital AM carrier signal 5108 illustrates effects of
transferring energy from the digital AM carrier signal 616 at the aliasing rate
F . The affected digital AM carrier signal 5108 is illustrated on substantially
the same time scale as FIGS. 51B and 51C. |
10 - - FIG S1E illustrates a down-converted AM intermediate signal 5112,
which is generated by the down-conversion process. The AM intermediate
signal 5112 is illustrated with an arbitrary load impedance. Load impedance
optimizations are discussed in Section 5 below.
The down-converted signal 5112. includes portions 5110A, which
15 correlate with the energy transfer pulses 5107 in FIG. 51C, and portions
5110B, which are between the energy transfer pulses 5107. Portions 5110A
. represent energy transferred from the digital AM carrier signal 616 to a storage
device, while simultaneously driving an output load. The portions 5110A
occur when a switching module is closed by the energy transfe_r pulses 5107.
20 Portions 5110B represent energy stored in a storage device continuing to drive
the load Portions 5110B occur when the switching module is opened after
energy transfer pulses 5 107. |
Because a harmonic of the ahasmg rate is off-set from the frequency of
the digital AM carrier signal 616, the energy transfer pulses 5107 “walk
25 - through” the digitél AM signal 616 at the difference frequency Fpyr. In other
words, the energy transfer pulse 5107 occur at different locations of
subsequent cycles of the digital AM.carrier.signal 616. As aresult, the energy
transfer pulses 5107 capture varying amounts of energy from the digital AM
carrier signal 616, as illustrated by portions 5110, which provides the AM

30 intermediate signal 5112 with an oscillating frequency Fy;.
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- In FIG."51F, a digital AM ‘intermediate sign‘a] 5114 illustrates the AM

intermediate signal 5112 ‘on a compressed time' scale. In FIG: 51G, an AM

. intermediate signal 5116 represents a filtered version of the AM intermediate

signal 5114. The AM intermediate signal 5116 is substantially similar to the
AM carrier signal 616, except that the AM intermediate signal 5116 is at the
intermediate frequency. The AM intermediate signal 5116 can be
demodulated through any conventional demodulation technique. -

The present invention can output the unfiltered AM intermediate signal

‘5114, the filtered AM intermediate signal 5116, a partially filtered AM

intermediate signal, a stair step output signal, etc. The choice between these

embodiments is generally a design choice that depends upon the application of

_ the invention.

The signals referred to herein illustrate frequency down-conversion in

| accordance with the invention. For example, the AM intermediate signals
5114 in FIG. 51F and 5116 in FIG. 51G illustrate that the AM carrier signal
'616 was successfully down-converted to an mtermedlate signal by retaining

‘enough baseband information for sufficient reconstruction.

1.2.1.2  Structural Description

The operatlon of the energy transfer system 6302 is now descnbed for

_the analog AM carrier signal 516, with reference to the flowchart 4607 and to
the tlmrng dlagrams in FIGS. S0A-G. In step 4608, the energy transfer'

module 6304 receives the ana]og AM carrier signal 516. In step 4610, the
energy transfer module 6304 receives the energy transfer signal 5006. In step

_46]2 the energy transfer module 6304 transfers energy from the analog AM

carrier srgnal 516 at the alrasmg rate of the energy transfer signal 5006 to
down convert the analog AM carrrer srgnal 516 to the AM 1ntermed1ate signal

'5012
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- The operation of the energy transfer system 6302 is now described for
the digital AM carrier signal 616, with reference to the flowchart 1401 and the
timing diagrams in FIGS. 51A-G. In step 4608, the energy transfer module
6304 receives the digital AM carrier signal 616. In step 4610, the energy

5 transfer module 6304 receives the energy transfer signal 5106. In step 4612,
the energy transfer module 6304 transfers energy from the digital AM carrier
signal 616 at the aliasing rate of the energy transfer signal 5106, to down-
convert the digital AM carrier signal 616 to the AM intermediate signal 5112.

Example embodiments of the energy transfer module 6304 are

10 disclosed in Sections 4 and 5 below.

1.2.2 Second Example Embodiment: Frequency
Modulation

1.2.2.1 Operational Description

15 Operation of the exemplary process of the flowchart 4607 in FIG. 46B
is described belov? for the analog FM carrier signal 716, ilIustrated in FIG. 7C,
and for the digital FM carrier signal 816, illustrated in F1G. 8C.

1.2.2.1.1 Analog FM Carrier Signal

20 ' A process for dowh-converting the analog FM carrier signal 716 in
FIG. 7C to an FM intermediate signal is now described for the flowchart 4607
in FIG. 46B. The analog FM carrier signal 716 is re-illustrated in FIG. 52A
for convenience. For this example, the analog FM carrier signal 716 oscillates
around approximately 901 MHZ. In FIG. 52B, an analog FM carrier signal

25 5204 illustrates a portion of the analog FM carrier signal 716 on an expanded
time scale.

The process begins 'af step 4608, which includes receiving an EM

signal. This is represented by the analog FM carrier signal 716.
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Step- 4610 includes receiving an energy transfer -signal having an

aliasing rate F,z. FIG. 52C illustrates an example energy transfer signal 5206

on approximately the same time scale as FIG. 52B. The energy transfer signal

5206 includes a train -of energy transfer pulses 5207 having non-negligible

“apertures that tend away from zero time in duration. The enérgy transfer

pulses 5207 repeat at the aliasing rate F g, -which is determined or selected as
previously described.” Generally, when down- converting to an intermediate
signal, the aliasing rate F,; is substantially- equal to a harmonic or, more
typically, a sub-harmonic of the difference frequency Fpyp. - |

Step 4612 includes trdrisferring’ energy from the EM signal at the
aliasing rate to down-convert the EM signal to an intermediate signal F;. In-
FIG. 52D, an affected analog FM carrier signal 5208 illustrates effects of
transferring energy from the analog FM carrier signal 716 at the aliasing rate
F,r- The affected analog FM carrier signal 5208 is illustrated on substantially
the same time scale as F1GS. 52B and 52C.

FIG 52E illustrates a down-converted FM intermediate signal 5212,
which is genei‘ated .by the down-conversion process. 'The FM intermediate
signal 5212 is illustrated with an arbitrary load'impedance. Load impedance
optimizations are discussed in Section 5 below.

The down-converted signal 5212 _includes portions 5210A, which
correlate with the energy transfer pulses 5207 in FIG. 52C, and portions
5210B, which are between the energy transfer pulses 5207. Portions 5210A
represent energy fransferred from the analog FM carrier signal 716 to a storage
device, while simultaneously driving an output load. Thé portions 5210A
occur when a switching module .is closed by the energy transfer pulses 5207.
Portions 5210B represent energy stored in a storage device continuing to drive

the load. Portions 5210B océur when the switching module is opened after

'energ.y transfer pulses 5207.

Because a harmonic of the aliasing rate is off-set from the frequency of

the analog FM carrier signal 716, the energy transfer pulses 5207 “walk
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through” the analog FM carrier signal 716 at the difference frequency Fpp. In
other words, the energy transfer pulse 5207 occur at different locations of
subsequent cycles of the analog FM cartier signal 716. As a result, the energy
transfer pulses 5207 capture varying amounts of energy from:the analog' FM
carrier signal 716, as illustrated by portions 5210, which provides the FM
intermediate signal 5212 with an osciliating frequency Fi.

In FIG. 52F, an analog FM interniediate signal -5214 illustrates the FM
intermediate signal 5212 on a compressed time scale. In FIG. 52G, an FM
intermediate signal 5216 represents a filtered version of the FM intermediate
signal 5214. The FM intermediate signal 5216 is substantially similar to the
analog:FM carrier signal 716, except that the FM intermediate signal 5216 is
at the intermediate frequency. The FM intermediate signal 5216 can be
demodulated through any conventional _demodulation techpique. |

The present invention can output the lunﬁltered FM intermediate signal
5214, the filtered FM intermediate signal 5216, a partially filtered FM
intermediate signal, a stair step output signal, etc. The choice between these
embodiments is generally a design choice that depends upon the application of
the invention.

’fhe signals referred to herein illﬁstrate frequency down-conversion in

accordance with the invention. For example, the FM intermediate signals

- 5214 in FIG. 52F and 5216 in FIG. 52G illustrate that the FM carrier signal

716 was successfully down-converted to an intermediate signal by retaining

enough baseband information for sufficient reconstruction.

1.2.2.1.2 Digital FM Carrier Signal

" A process for down-converting the digital FM carrier signal 816 in
FIG. 8C is now described for the flowchart 4607 in FIG. 46B. The digital FM
carrier signal 816 is re-illustrated in FIG. 53A for convenience. For this

examﬁle, the digital FM carrier signal 81.6' oscillates at approximately 901
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MHZ. In FIG. 53B, a digital FM carrier signal 5304:illustrates a portion of the

- _digital FM carrier signal 816-on an expanded time scale. . - : -

The process begins at step 4608, which includes receiving an EM
signal. This is represented by the digital FM carrier signal 816. -
Step 4610 includes receiving an energy transfer signal having an

aliasing rate Fz. FI1G. 53C illustrates an example energy transfer signal 5306

~on substantially the same time scale as FIG. 53B. The energy transfer signal

5306 includes a train of energy transfer pulses 5307 having non-negligible
apertures 5309 that tend away from zero time in duration. The energy transfer

pulses 5307 repeat at the aliasing rate, which is determined or selected as

‘previously described. Generally, when down-converting to an intermediate

signal, the aliasing rate F,; is substantially equal to a harmonic -or, more

typically, a sub-harmonic of the difference frequency Fp . -

Step 4612 includes transferring energy from the EM signal at the

“aliasing rate to down-convert the EM signal to the an intermediate signal F.

.In FIG. 53D, an affected digital FM carrier signal 5308 illustrates effects of.

transferring energy from the digital FM carrier signal 816 at the aliasing rate

‘Fr- The affected digital FM carrier signal 5308 is illustrated on substantially -

the same time scale as'FIGS: 53B and 53C.
FIG 53E illustrates a down-converted FM intermediate signal 5312,

-which is generated by the down-conversion process. The down-converted

signal 5312 includes portions 5310A, which correlate with the energy transfer

pulses 5307 in FIG. 53C, and portions 5310B, which are¢ between the energy

transfer pulses 5307. Down-converted signal 5312 is illustrated with an

arbitrary load impedance: Load impedance optimizations are discussed in

:Section 5 below.

Portions 5310A represént energy transferred from . the digital FM

carrier signal 816 to a storage device, while simultaneously driving an output
load. The portions 5310A occur when a switching module is closed by the

_energy transfer pulses 5307.
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-Pbrtidns 53:1. 0B represent energy stored in a storage device continuing
to drive the load. Portions 5310B occur when the switching module is opened
after energy transfer pulses 5307. |

' Because a harmonic of the aliasing rate is off-set from the frequency of
the digital FM carrier signal 816, the energy transfer pulses 5307 “walk
through” the digital FM carrier signal 816 at the difference frequency Fpe. In
other words, the energy transfer pulsé 5307 .occur at different .locations of
subsecjuent .cycles of the digital FM carrier signal 816. As a result, the energy
transfer pulses 5307 capture varying amounts of energy from the digital FM
carrier signal 816, as illustrated by portions 5310, which provides the FM
intermediate signal 5312 with an oscillating frequency Fg.

In FIG. 53F, a digital FM intermediate signal 5314 illustrates the FM
intermediate signal 5312 on a compressed time scale. In FIG. 53G, an FM
intermediate signal 5316 represents a filtered version of the FM intermediate
signal 5314. The FM intermediate signal 5316 is substantially similar to the
digital FM carrier signal 816, except that the FM intermediate signal 5316 is at

the intermediate frequency. The FM intermediate signal 5316 can be

demodulated through any conventional demodulation téchnique.

The present invention can output the unfiltered FM intermediate signal
5314, the . filtered FM intermediate signal 5316, a partially filtered FM
intermediate signal, a stair step output signal, etc. The choice between these
embodiments is generally a design choice that depends upon the application of
the invention.

The signals referred to herein illustrate frequency down-conversion in
accordance with the invention. For example, the FM intermediate signals
5314 in FIG. 53F and 5316 in FIG. 53G illustrate that the FM carrier signal
816 was successfully down-converted to an intermediate signal by retaining

enough baseband information for sufficient reconstruction.
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1.2.2.2- - Structural Description

The operation of the energy transfer system 6302 is now described for

the analog FM carrier sighal 716, with reference to the flowchart 4607 and the

timing diagrams in FIGS. 52A-G. In step 4608, the energy transfer module -
6304 receives the analog FM carrier signal 716. In step 4610, thé energy

transfer module 6304 receives the energy.. transfer signal 5206. In step 4612,

the energy transfér module 6304 transfers energy from the analog FM carrier

signal 716 at fhe aliasing rate of the energy transfer signal 5206, to down-

convert the analog FM carrier signal 716 to the FM intermediate signal 5212.

The operation of the energy transfer system 6302 is now described for

the digital FM carrier signal 816, with reference to the flowchart 4607 and the
“timing diagrams in FIGS. 53A-G. In step 4608, the energy transfer module

6304 receives the digital FM carrier signal 816. In step 4610, the énergy

transfer module 6304 receives the energy transfer signal 5306. In step 4612,

the energy transfer module 6304 transfers energy from the digital FM carrier

signal 816 at the aliasing rate of the energy tfansfer signal 5306, to down-
convert the digital FM carrier signal 816 to the FM intermediate signal 5212.

Example embodiments of the energy transfér module 6304 are

disclosed in Sections 4 and 5 below.

1.2.3 Third Example Embodiment: Phase
Modulation '

1.2.3.1 Operational Description

Operation of the exemplary process of the flowchart 4607 in FIG. 46B
is described below for the analog PM carrier sighal 916, illustrated in FIG. 9C,
and for the digital PM carrier signal 1016, illustrated in FIG. 10C.
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1.2.3.1.1 Analog PM Carrier Signal

A process for down-converting the analog PM carrier signal 916 in
FIG. 9C to an analog PM intermediate signal is now described for the
flowchart 4607 in FIG. 46B. The analog PM carrier signal 916 is re-illustrated
in FIG. 54A for §onveriience. For this example, the analog PM carrier éignal
916 oscillates at. approximately 901 MHZ. In .FIG. 54B, an é.nalog PM carrier
signal 5404 illustrates a portion of the analog PM carrier Si_gnal 916 on an
expanded time scale. | |

The process begins at step 4608, which 1ncludes receiving an EM
signal. This is represented by the analog PM carrier signal 916.

Step 4610 includes receiving an energy transfer s1gnal havmg an
aliaéing rate F,z. FIG. 54C illustrates an example energy transfer signal 5406
on approximétely the same time scale as FIG. 54B. The energy transfer signal
5406 includes a train of energy transfer pulses 5407 having hon—neg]igible
apertures that tend away from zero time in duration. The energy transfer
pulses 5407 repeat at the aliasing rate, which is determined or selected as
previously described. Generally, when down-converting to an mtermedlate
signal, the allasmg rate F,; is substantlally equal to a harmomc or, more
typically, a sub-harmonic of the difference frequency Fpygp-

Step 4612 includes transferring energy from the EM signal at the
aliasing rate to down-convert the EM sighal to the IF sigﬁal F.lF In FIG. 54D,
an affected analog PM carrier 51gnal 5408 illustrates effects of transferring
energy from the analog PM carrier signal 916 at the ahasmg rate F,p. The
affected analog PM carrier signal 5408 is 1llustrated on substantlally the same
time scale as FIGS. 54B and 54C. |

FIG 54E illustrates a down-converted PM mtermedlate signal 5412,
which is generated by the down-conversion process. The down-converted PM
intermediate signal 5412 includes pbrtions '5410A, which correlate With the
energy transfer pulses 5407 in FIG. 54C, and portions 5410B, which are
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 between' the energy transfer pulses 5407. ' Down-converted signal 5412 is

illustrated  with an 'arbitrary load impedance. Load impedance ‘optimizations

- are discussed in Section 5 below.

Portions 5410A represent energy transferred from the analog PM

carrier signal 916 to a storage device, while simultanieously driving an output

load. The portlons 5410A occur when a switching module is closed by the

_energy transfer pulses 5407.

Portions 5410B represent energy stored in a storage device continuing

to drive the load. Portions 5410B occur when the switching module is opened

after energy transferlpulses 5407.

Because a harmonic of the aliasing rate is off-set from the frequency of

the analog PM carrier signal 716, the energy transfer pulses 5407 “walk .

- through” the analog PM carrier signal 916 at the difference frequency FD,FF In

oth_er words, the energy transfer pulse 5407 occur-at different locations of

' subsequent cycles of the analog PM carrier signal 916. As a result, the energy

transfer pulses 5407 capture varying amounts of energy frorn_ the analog PM

carrier signal 916, as illustrated by portions 5410, which provides the PM

“intermediate signal 5412 with an oscillating frequency Fi.

In FIG. 54F, an analog PM intermediate signal 5414 illustrates the PM

intermediate signal 5412 on a compressed time scale; In FIG. 54G, an- PM

intermediate signal 5416 represents a filtered version of the PM intermediate * -

signal 5414. The PM intermediate signal 5416 is substantially similar to the

“analog PM carrier signal 916, except that the PM intermediate signal 5416 is

at the intermediate frequency. The PM intermediate signal 5416 can be
demodulated through any conventional demodulation technique.

~ The present invention can output the unfiltered PM intermedinte signal-
5414 the ﬁltered PM 1ntermed1ate signal 5416, a partlally filtered PM
intermediate 51gnal a stair step output signal, etc. The chorce between these
embodrments is generally a design choice that depends upon the apphcatron of

the invention.
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.--;;The s_lgnals- ?referred to herein illustrate frequency. down-conversion in
accordance with the invention. For example, the PM intermediate signals
5414 in FIG. 54F and 5416 in FIG. 54G illustrate that the PM carrier signal
91.6 was successfully down-converted to an intermediate signal by retaining

5 enough baseband information for sufficient reconstruction.

1.2.3.1.2 Digital PM Carrier Signal

| A 'pro'cess for down-converting the digital PM carrier signal 1016 in
FIG. 10C to a digital PM signal is now described for the flowchart 3607 in
10 FIG. 4613 '.The digital PM carrier signal 1016 is re-illustrated'in FIG. 55A for
convemence For this example the digital PM carrier signal 1016 oscillates at -
approx1mately 901 MHZ. In FIG 55B, a dlgltal PM carrier signal 5504
illustrates a portion of the digital PM carrier signal 1016 on an expanded time -
scale. | ' |
15 " The process .begins at step 4608, which includes receiving an EM
signal. This is represented by the digital PM carrier signal 1016. '
Step 46l0 inclndes reeeiving an energy transfer signal having an
aliasing rate F,,. FIG. 55C illus'rrates an example energy transfer signal 5506
on subs'rantially the same time scale as FIG. 55B. 'l‘he energy transfer signal
20 5506 includes a train of energy transfer pulses 5507 having non-negligible
apertures 5509 that tend away from zero time in duration. The energy transfer
pulses 5507 repeat at an ahasmg rate, which is determmed or selected as
previously described. Generally, when down—convertmg to an intermediate
signal, the aliasing rate F AR 1S substantlally equal to a hannomc or, more
25 typically, a sub-harmonic of the difference frequency Fppe. |
'.Step 4612 includes. transferring energy from thel. EM signal at the
aliasing rate to down-convert the EM signal to an intermediate signal F;. In
FIG. 55D, an affected digital PM carrier signal 5508 illustrates effects of -

transferring energy from the digital PM carrier signal 1016 at the aliasing rate
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F.x- The affected digital PM carrier signal 5508 is illustrated on substantially
the same time scale as FIGS. 55B and 55C. '

FIG 55E illustrates a down-converted PM intermediate signal 5512,
which is generated by the down-conversion process. The down-converted PM
intermediate signal 5512 includes portions 5510A, ‘which correlate with the
energy transfer pulses- 5507 in FIG. 55C, and portions 5510B, which are
between the energy transfer pulses 5507. Down-converted signal 5512 is
illustrated with an arbitrary load impedance. Load impedance optimizations

are discussed in Section 5 below.

Portions 5510A represent energy transferred from the drgltal PM

carrier signal 1016 to a storage device, while simultaneously driving an output

load. The portions 5510A occur when a switching i_nodule__is closed by the

energy transfer pulses 5507.

Portions 5510B represent energy stored in a storage device continuing

_to drive the load. Portions 5510B occur when the swrtchlng module is opened

after energy transfer pulses 5507.

Because a harmonic of the aliasing rate 1s off-set from the frequency of
the dtgrtal PM camer signal 716, the energy transfer pulses 5507 walk
through” the digital PM carrier signal 1016 at the difference frequency FDIFF

In other words the energy transfer pulse 5507 occur at dlfferent locatrons of
subsequent cycles of the digital PM carrier sxgnal 1016 As a result, the

energy transfer pulses 5507 capture varying amounts of energy from the

' digital PM carrier signal 1016 as illustrated by portlons 5510 which prov1des

the PM intermediate signal 5512 with an oscillating frequency Fie

In FIG. 55F a dlgltal PM 1nterrned1ate signal 5514 illustrates the PM

_intermedlate signal 5512 on a compressed time scale. In FIG. 55G, an M

intermediate signal 5516 represents a filtered version of the PM intermediate

signal 5514. The PM intermediate signal 5516 is substantially similar to the

digital PM carrier signal 1016, except that the PM intermediate signal 5516 is
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at. the';_lin_te'r__m.eiiia_te --freqxie_ney..' The PM intermediate signal 5516 can be
demodu]ated through any conventional demodulation technique.

The present invention can output the unfiltered PM intermediate signal
5514, the filtered PM intermediate signal 5516, a partially- filtered PM
intermediate signal, a stair step output signal, etc. The choice between these
embodiments is generally a design choice that depends upon the application of
the invention.

The signals referred to herein illustrate ﬁ'equency down-conversion in
accordance wifh the invention. . For example,.'the PM intermediate signals
5514 in F.IG. 55F and 5516 in FIG. 55G illustrate that the PM carrier sighal
1016 was successfully down-converted to an intermediate signal by retaining

enough baseband information for sufficient reconstruction.

1.2.3.2 Strdctural Description |

‘Operation of the energy transfer system 6362 is now described for the
analog PM carrier signal 916, with reference to the flowchart 4607 and the
nmlng dlagrams in FIGS. 54A-G In step 4608, the energy transfer module
6304 receives the analog PM carrier sxgnal 916. In step 4610 the energy
transfer module 6304 receives the energy transfer signal 5406. In step 4612,
the energy transfer module 6304 trénsfers energy from the analog PM carrier

signal 916 at the aliasing rate of the energy transfer signal 5406, to down-

' convert the analog PM carrier signal 916 to the PM intermediate signal 5412.

Operatlon of the energy transfer system 6302 is now described for the
digital PM carrier signal 1016, with reference to the flowchart 1401 and the
timing diagrams in FIGS. 55A-G. In step 4608, the energy ffanéfer fnodule
6304 receives the digital PM carrier signal 1016. In step 4610, the energy
transfer medule 6304 receives the e_.t_lergy' transfer signal 5506. In step 4612,

the energy transfer module 6304 transfers energy from the digital PM carrier
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: signal 1016 at the aliasing rate of the energy: transfer signal 5506, to down-
convert the digital PM carrier signal 1016 to the PM intermediate signal 5512.

- Example embodiments of the energy transfer module 6304 are

disclosed in Sections 4 and 5 below.

1.2.4 Other Embodiments

The embodlments descnbed above are provnded for purposes of

'illustratlon | These embodlments are not intended to hmlt the invention.
. Altemate embodlments dlffermg slightly or substantially from those descnbed |
: herein, will be apparent to persons skilled in the relevant art(s) based on the
ﬁteaehings contained here.in' Such alterate embodiments fall vﬁthin the scope
:and spirit of the present invention. Example 1mplementat10ns of the energy

- transfer module 6304 are dlsclosed in SCCtIOIlS 4 and 5 below.

1.3 Implementation Examples

Exemplary operational and/or structural implementations related to the

:method(s), structure(s), and/or embodiments described above are presented in
‘Sections 4 and 5 below. These implementations are presented for purposes of
'illustration, and not limitation. The invention is not limited to the particular

implementation examples described therein. Alternate implementations

(including equivalents, extensions, variations, dev_iations, etc., of those
described herein) will be apparent to persons' skilled in the relevant art(s)
based on the teachmgs contained herein. Such altemate 1mp]ementatlons fall

within the scope and spirit of the present invention.

2. Diréct‘(y Down-Converting an EM Sigm_tl .to an Demodutated |
Baseband Signal by Transferring Energy from the EM Signal

In an embodiment, the invention directly down-converts an EM signal

to a baseband signal, by transferring energy from the EM signal. This
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embodiment is referred to herein- as direct-to-data: down-conversion and is
illustrated by 4516 in FIG. 45B. |
 This embodiment can be implemented with modulated . and
unmodulated EM signals. This embodiment is described herein using the
5 modulated carrier signal Fy,c in FIG. 1, as an example. In the example; the
modulated carrier signal F,,c is directly down-converted to the demodulated
baseband signal Fpy;,. Upon reading the disclosure and examples therein, one
skilled in the relevant art(s) will understand that the. invention can be
ir_nplemented to down-convert any EM signal, including but not limited to,
10 modulated carrier signals and unmodulated carrier signals.
The following sections describe methods for directly down-converting
the modulated carrier signal F;,ic to the .demodulated baseband signal Fpyg.
Exemplary structural embodiments for implementing the methods are also
described. It should be understood that the invention is not limited to the
15 particular embodiments described below. Equivalehts, extensions, variations,
deviations, etc., of the following will be apparent to persons skilled in the
relevant art(s) based on the teachings cpntained herein. Such eqhivalents,
extensions, variations, deViations, etc., are within the scope and spirif of the
present invention. _ | | |
20 The following sections include a high level discussion, example

embodiments, and implementation examples. |

2.1  High Level Descriptioh

‘This section (including its subsections) provides a high-level

25 description of transferring energy from the modulated carrier signal Fyc to
directly down-convert the modulated carrier signal Fy to the demodulated

baseband signal Fp,s, according to the invention. In particular, an operational

process of directly down-converting the modulated carrier signal Fy,c to the

demodulated baseband signal Fpg is described at a high-level. Also, a
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structural implementation for implementing this process is described at a high-

‘level. The structural implementation is described herein for illustrative

purposes, and is not limiting. In particular, the process described in this

- section can be achieved using any number of structural implementations; one

_of which i$ described in this section. The details of such  structural

implementations will be apparent to persons skilled in the relevant art(s) based
on the teachings contained herein.
2.1.1 Operational Description

FIG 46C deplcts a ﬂowchart 4613 that 1llustrates an exemplary

method for transfemng energy from the modulated catrier signal Fyc to

'dlrectly down-convert the modulated carrier signal Fyc to the demodulated _

baseband s1gna| FDMB The exemplary method 1llustrated in the ﬂowchart 461 3
is an embodiment of the flowchart 4601 in FIG. 46A. '

Any and all comblnatlons of modulatlon techmques are vahd for this

-invention. For ease of discussion, the digital AM carrier signal 616 is used to

illustrate a_.hig_h level operational description of the invention. Subsequent
sections provide detailed flowcharts and descriptione for AM ahd PM exampte
embodiments. FM presents special considerations that are dealt with
sepatately in Section II1.3. Upon reading the disclosure and examples therein,
one skilled in the relevant art(s) will understand that the invention can be
intplemented to down-convert any type of EM sighal, inciuding any form of
modulated carrier signal and unmodulated carrier signals. .. o

- The high-level process illustrated in the flowchart 4613 is now
described at a high level using the digital AM carrier signal 616, from FIG.
6C. The digital AM carrier signal 616 is re-illustrated in FIG. 56A for

convenience..
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The process of the flowchart 4613 begins at step 4614,. which includes
receiving an EM signal. Step 4613 is represented by the digital AM carrier
signal 616.

Step 4616 includes receiving an energy transfer signal having an
aliasing rate F,z. FIG. 56B illustrates an example energy transfer signal 5602,
which includes a train of energy transfer pulses 5604 having apertures 5606
that are optimized for energy transfer. The optimized apertures 5606 are non-
negligible and tend away from zero.

The non-negligible apertures 5606 can be any width other than the
period of the EM signal, or a multiple thereof. For example, the non-
negligible apertures 5606 can be less than the period of the signal 616 such as,
1/8, Y, %, '3/'4, etc., of the period of the signal 616. Alternatively, the non-

negligible apertures 5606 can be greater than the period of the signal 616. The

width and amplitude of the apertures 5606 can be optimized based on one or
more of a variety of criteria, as described in sections below.

The energy transfer pulses 5604 repeat at the aliasing rate or pulse
repetition rate. The aliasing rate is determined in accordance with EQ. (2),

reproduced below for convenience.
F =ne FAR F"’.‘ . EQ‘ (2)

When directly down-convemng an EM signal to baseband ( i.e., zero
IF), EQ. (2) becomes: '

Fo=neFy  EQ®

Thus, to directly down-convert the AM signal.616 to a demodulated baseband
signal, the aliasing rate is substantially equal to the frequency of the AM
signal 616 or to a harmonic or sub-harmonic thereof. Although the aliasing

rate is too low to permit reconstruction of higher frequency components of the

PCT/US00/09911



10

15

20

25

WO 00/64042 °

-170 -

AM signal 616 -(i.e., the carrier frequency), it-is high enough to permit
substantial reconstruction -of the lower frequency.moduléting baseband signal

310.
Step 4618 includes transferring energy from the EM signal at the

aliasing rate to directly down-convert the EM signal to a demodulated

“baseband signal Fpys FIG. 56C illustrates a demodulated baseband signal

5610 -that is generated by the direct down-conversion . process. The
demodulated baseband signal 5610 is similar to the digital modulating
baseband signal 310 in FIG. 3. '

FIG. 56D depicts a filtered demodulated baseband signal 5612, which
can be generated from the demodulated baseband signal 5610. The invention
can thus generate a ﬁltered output signal, a partially filtered output signal, or a
relatively unfiltered output signal. The choice between. filtered, partially
filtered and non-filtered output signals is generally a design choice that

depends upon the applicatioh'of the invention.

2.1.2 'Structu}al Description

.In an embodiment, the energy transfer system 6302 transfers energy

from any type of EM signal, including modulated carrier signals and

unmodulated carrier signal, to directly down-convert the EM signal to a

'd_emddulated baseband signal. Preferably, the energy transfer system 6302

transfers energy from the EM signal 1304 to down-convert it to demodulated

_baseband signal in the manner shown in the operational flowchart 4613.

However, it should be understood that the scope and spirit of the invention
includes other structural embodiments for performing the steps of the
flowchart 4613. The specifics of the other structural embodiments will be

appareht to persons skilled in the relevant art(s) based on the discussion

" contained herein.
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.Operation--of- the energy transfer system 6302 is now described in ata
high level for the digital AM carrier signal 616, with reference to the flowchart
4613 and the timing diagrams illustrated in FIGS. 56A-D. In step 4614, the -
energy transfer module 6304 receives the digital AM carrier signal 616. In

5 step 4616, the energy transfer module 6304 receives the energy transfer signal |

5602. In step 4618, the energy transfer module 6304 transfers energy from the
digital AM carrier signal 616 at the aliasing rate to directly down-convert it to
the demodulated baseband signal 5610.

Example implementations of the energy transfer module 6302 are

10 disclosed in Sections 4 and 5 below.

2.2 Example Embodiments

Various embodiments. related to the method(s) and structure(s)
described above are pres'eﬁted in this section (and its subsections). These
15 embodiments are described herein for purposes of illustration, and not
limitation. The invention is not limited to these embodiments. Alternate
embodiments (including equivalents, extensions, variations, deviations, etc., of
the embodiments described herein) will be apparent to persons skilled in the
relevant art(s) based on the teachings contained herein. The invention is
20 intended and adapted to include such alternate embodiments.

"~ The method for down-converting the EM signal to the demodulated
baseband signal Fpyg, illustrated in the flowchart 4613 of FIG. 46C, can be
implemented with various types of modulated carrier signals including, but not
limifed to, AM, PM, etc., or any combination thereof. The flowchart 4613 of

25 FIG. 46C is described below for AM and PM. The exemplary descriptions
beloW are intended to facilitate an understanding of the present invention. The

present invention is not limited to or by the exemplary embodiments below. -
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22,1 First Example Embodiment: Amplitude:: .. - .. =
.. Modulation

2.2.1.1 Operational Description

Operation of the exemplary process of the flowchart 4613 in FIG. 46C
is described below for the analog AM carrier signal 516, _illustrated.in FIG. 5C,

 and for the digital AM carrier signal 616, illustrated in FIG. 6C.

2.2.1.1.1 Analog AM Carrier Signal

A process for directly down-converting the analog AM carriér signal
516 in FIG. 5C to a demodulated baseband signal is now described with
reference to the flowchart 4613 in FIG. 46C. The analog' AM carrier signal
516 is re-illustrated in 57A for convenience. For this example, the-analog AM
cmier signal 516 oscillates at approximately 900 MHZ. In FIG. 57B, an
analog AM carrier signal portion 5704 illustrates a portibn of the analog AM
carrier signal 516 on an expanded time scale. '

The process begins at step 4614, which includes réceiving' an EM

signal. This is represented by the analog AM carrier signal 516.

~Step 4616 includes receiving an energy transfer- signal having an

aliasing rate F,z. In FIG. 57C, an example energy transfer signal 5706 is
illustrated on approximately the same time scale as FIG. 57B. The energy

transfer signal 5706 includes a train of energy transfer pulses 5707 having

‘non-negligible apertures that tend away from zero time in duration. The

energy transfer _pulses 5707 repeat at the aliasing rate, which is determined or
selected as previously described. Generally, when down-converting an EM
signal to a demodulated baseband signal, the aliasing rate f,m is substantially
equal to a harmonic or, more typically, a sub-harmonic of the EM signal. -
Step 4618 includes transferring energy from the_ EM signal at the
aliasing rate to directly down-convert the EM signal to the demodulated

baseband signal Fpy. In FIG. 57D, an affected analog AM cartrier signal 5708
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illustrates effects of transferring energy from the analog AM carrier signal 516
at the aliasing rate F,z. The affected analog AM carrier signal 5708 is
illustrated on substantially the same time scale as FIGS. 57B and 57C.

FIG. 57E illustrates a demodulated baseband signal 5712, which is
generated by the down-conversion process. Because a harmonic of the
aliasing . rate is substantially equal to the frequency of the signal 516,
essentially no IF is produced. The only substantial aliased component is the
baseband signal.. The demodulated baseband signal 5712 is illustrated with an
arbitrary - load impedance. Load impedance optimizations are discussed in -
Section 5 below.

The demodulated baseband signal 5712 includes portions 5710A,
which correlate with the energy transfer pulses 5707 in FIG. 57C, and portions
5710B, which are between the energy transfer pulses 5707. Portions 5710A
repre'sgﬁt energy | transferred from the analog AM carrier signal 516 to a
storage device, whilé simultaneously driving an output load. The portions
5710A occur when a switching module is closed by the energy transfer pulses
5707. Poﬂiéﬁs 5710B represent energy stored in a storage device continuing
to drive the load. Portions 5710B occur when the switching module is opened
after energy transfer pulses 5707. .

In FIG. 57F, a demodulated baseband signal 5716 represents a filtered
version of the demodulated baseband signal 5712, on a compresséd time scale.
The demodulated baséband signal 5716 is subétantially similar to the
modulating baseband signal 210 and can .Be further processed using any signal
prdcessing téchnique(s) withdut further down-conversion or demodulation.

h The present invention can output the unfiltered demodulated baseband
signal 5712, the filtered demodulated baseband signal 5716, a partially filtered
demodulated baseband signal, a stair step output signal, etc. The choice
between these embodiments is general]y a design choice that depends upon the

application of the invention.
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" . "The aliasing rate of the energy transfer signal is preferably controlled

to- optimize the demodulated- baseband signal for ‘amplitude output and

polarity, as desired.

- The drawings referred to herein illustrate direct down-conversion in

‘accordance with the invention. For example, the demodulated baseband

signals 5712 in FIG. 57E and 5716 in FIG. S7F illustrate that the analog AM
carrier signal 516 was directly down-converted to a demodulated baseband

signal by retaining enough baseband information for sufficient reconstruction.’

2.2.1.1.2 Digital AM Carrier Signal

A process for drrectly down-convertmg the d1g1tal AM camer s1gna1

_:616 in FIG 6C to a demodulated baseband 31gnal is now descrlbed for the_

flowchart 4613 in F IG 46C. The d1g1tal AM carrier srgnal 616 is re-1llustrated

in 58A for convenience: For thrs -example, the dlgltal AM carrier signal 616

_..oscrllates at approxrmately 900 MHZ. In FIG 58B, a dlgltal AM carrier

signal portlon 5804 1llustrates a portion of the dlgrtal AM carrier s1gnal 616 on

an expanded time scale.

The process begms at step 4614, whrch mcludes recervmg an EM

51gnal This is represented by the digital AM carrier signal 616

Step 4616 mcludes receiving an energy transfer signal havmg an

‘aliasing rate F,. In FIG. 58C, an example energy transfer s1gna1 5806 1s

xllustrated on approximately the same time scale as FIG. 58B. The energy

transfer srgnal 5806 mcludes a train of energy transfer pulses 5807 having

non—neghglble apertures that tend away from zero time in duration. The

‘energy transfer pulses 5807 repeat at the aliasing rate, which is determined or

selected as previously described. Generally, when directly down-converting

an EM signal to a demodulated baseband signal, the aliasing rate Far is

'substant.'ial.ly equal to a harmonic or, more typically, a sub-harmonic of the EM

.signal.
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Step 4618 includes transferring energy from the EM signal at the
aliasing rate to directly down-convert the EM signal to the demodulated
baseband signal Fp5. In FIG. 58D, an affected digital AM carrier signal 5808
illustrates effects of transferring energy from the digital AM carrier signal 616
at the aliasing rate F,;. The affected digital AM carrier signal 5808 is
illustrated on substantially the same time scale as FIGS. 58B and 58C.

FIG. 58E illustrates a demodulated baseband signal 5812, which is
generated by the down-conversion process. Because a harmonic of the
aliasing rate is substantially equal to the frequency of the signal 616,
essentially no IF is produced. The only substantial aliased component is the
baseband signal. The demodulated baseband signal 5812 is illustrated with an
arbitrary load impedance. Load impedance optimizations are discussed in
Section 5 below.

The demodulated baseband signal 5812 includes portions 5810A,
which correlate with the energy transfer pulses 5807 in FIG. 58C and portions
5810B, which are between the energy transfer pulses 5807. Portions
5810A represent energy transferred from the digital AM carrier signal 616 to a
storage device, while simultaneously driving an output load. ‘The portions
5810A occur when a switching module is closed by the energy .trans'fer pulses
5807. Portions 5810B repfesent energy stored in a storage device continuing
to drive the load. Portions 5810B occur when the switching module is opened
after energy transfer pulses 5807.

In FIG. 58F, a demodulated baseband signal 5816 represents a filtered
version of the demodulated baseband signal 5812, on a compressed time scale.
The demodulated baseband signal 5816 is substantiaily similar to the
modulating baseband signél 310 and can be further processed usihg.any signal
processmg technique(s) without further down-conversion or demodulatlon

The present invention can output the unfiltered demodulated baseband
signal 5812, the filtered demodulated baseband signal 5816, a partlally filtered

demodulated baseband signal, a stair step output signal, etc. The choice
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between these embodimerits is generally a'design choice that depends uf;on the

‘application of the invention. - -

. The aliasing rate of the energy transfer signal is preferably controlled
to optimize the c;own-converted signal for amplitude output and polarity, as
desired. | _ | |

The drawings referred to herein illustrate direct down-conversion in

accordance with the invention. For example, the demodulated baseband

signals 5812 in FIG. 58E and 5816 in FIG. 58F illustrate that the digital AM

carrier signal 616 was directly down-converted to a demodulated baseband

" signal by retaining enough baseband information for sufficient reconstruction.

- 2.2.1.2  Structural Description

In an embodiment, the energy transfer module 6304 preferably

transfers energy from the EM signal to directly down-convert it to a

‘demodulated baseband signal in the manner shown in the operational

flowchart 4613. But it should b_e underst_ood that the scope and spirit of the

invention includes other structural embodiments for performing the steps of :

the flowchart-1413. The specifics of the other structural embodiments will be .

‘apparent to persons skilled in the relevant art(s) based on the discussion

contained herein. o

Operation of the energy transfer system 6302 is now described for the
digital AM carrier signal 516, with reference to the flowchart 461.3 and the
timing diagrams in FIGS. 57A¥F. In step 4612, the eﬁergy transfer _m@dule |
6404 receives th.e. analog AM carrier Sighal 516. In. step 4614, the energy
transfer module 6404 receives the energy transfer signal 5706. In step '_4618,
the energy transfer mddule 6404 transferé energy from the .ar.lalog AM carrier

signal 516 at the aliasing raté of the energy transfer signél 5706, to 'directly

_dowﬁ-convert the digital AM carrier signal 516 to the demodulated baseband

signals 5712 or 5716.
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. The operation of the energy transfer system 6402 ié.now described for
the digital AM carrier signal 616, with reference to the flowchart 4613 and the
timing diagrams in FIGS. 58A-F. In step 4614, the energy transfer module
6404 receives the digital AM cérrier signal 616. In step 4616, the energy
transfer module 6404 receives the energy transfer signal 5806. In step 4618,
the energy transfer module 6404 transfers energy from the digital AM carrier
signal 616 at the aliasing rate of the energy transfer signal 5806, to directly
down-convert the digital AM carrier signal 616 to the demodulated baseband
signals 5812 or 5816. .

Example implementations of the energy transfer module 6302 are

disclosed in Sections 4 and 5 below.

'2.2.2 Second Example Embodiment: Phase.
Modulation

2.2.2.1 Operational Descriptibn :

Operation of the exemplary process of flowchart 4613 in FIG. 46C is
described below for the analog PM carrier signal 916, illustrated in FIG. 9C
and for the digital PM carrier signal 1016, illustrated in FIG. 10C.

2.2.2.1.1 Analog PM Carrier Signal

A process for directly down-converting the analog PM carrier signal
916 to a demodulated baseband signal is now described for the flowchart 4613
in FIG. 46C. The analog PM carrier signal 916 is re-illustrated in 59A for

convenience. For this example, the analog PM carrier signal 916 oscillates at

-approximately 900 MHZ. In FIG. 59B, an analog PM carrier signal portion

5904 illustrates a portion of the analog PM carrier signal 916 on an expanded
time scale.
The process begins at step 4614, which includes receiving an EM

signal. This is represented by the analog PM carrier signal 916.
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‘Step 4616 includes' receiving an energy transfer signal having an
aliasing rate F,;. In FIG. 59C, an example energy transfer signal 5906 is’
illustrated on approximately the same time scale as FIG. 59B. The erergy
transfer signal 5906 -includes a train of energy transfer pulses 5907 having

non-negligible apertures that tend away from zero time in duration. The . -

energy transfer pulses 5907 repeat at the aliasing rate, which is determined or
selected as previously described. Generally, when directly down-converting
an EM signal to'a demodulated baseband signal, the aliasing rate F,; is
substantially equal to a harmonic or, more typically, a sub-harmonic of the EM
signal. - : .

Step 4618 includes transferring energy from the EM signal at the
aliasing rate to directly down-convert the EM signal to the demodulated
baseband signal Fp;,.. In FIG. 59D, an affected ‘analog PM carrier signal 5908
illustrates effects of transferring energy from the analog PM carrier signal 916
at the aliasing rate F,;. The affected analog PM carrier signal 5908 is
illustrated on substantially the same time scale as FIGS. 59B and 59C. -

FIG. S9E illustrates a demodulated baseband signal 5912, which is

generated by the down;conversion process. 'Because a harmonic of the
aliasing rate is substantially equal to the frequency of the signal 516,
‘essentially no IF is produced. The only substantial aliased component is the
baseband signal. The demodulated baseband signal 5912 is illustrated with an

'arbitrary load impedance. Load impedance optimizations are discussed in

Section 5 below.
The demodulated baseband signal 5912 includes portions 5910A,
which correlate with the energy transfer pulses 5907 in FIG. 59C, and portions

5910B, which are between the energy transfer pulses 5907. Portions 5910A

represeht energy transferred from the analog PM carrier signal 916 to a storage
device, while simultaneously driving an output load. The porti_ohs 5910A -
occur when a switching module is closed by the energy transfer pulses 5907. _

Portions 5910B represent enérgy stored in a storage device continuing to drive
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the load. - Portions 5910B-occur when the switching module is opened after
energy transfer pulses 5907.

In FIG. 59F, a demodulated baseband signal 5916 represents a filtered
version of the demodulated baseband signal 5912, on a compressed time scale.
The demodulated baseband signal 5916 -is substantially - similar to the
modulating baseband signal 210 and can be further processed using any signal
processing technique(s) withdut further down-conversion or demodulation.

The present invention can output the unfiltered demodulated baseband
5912, the filtered demodulated baseband signal 5916, a partially filtered
demodulated baseband signal, a stair step output signal, etc. The choice
between these embodiments is generally a design choice that depends upon the
application of the invention. _ _

The aliasing rate of the energy transfer signal is preferably controlled
to optimize the down-converted signal for amplitude output and polarity, as
desired. | '

The drawings referred to herein illustrate direct down-conversion in
accordance with the invention. For example, the demodulated baseband
signals 5912 in FIG. S9E and 5916 in FIG. 59F illustrate that the analog PM .
carrier signal 916 was successfully down-converted to a demodulated
baseband signal by retaining enough baseband information for sufficient

reconstruction.

2.2.2.1.2 Digital PM Carrier Signal

| .A process for difectly down-bonverting the digital PM carrier signal
1016 in FIG. 6C to a demodulated baseband signal is now described for the
flowchart 4613 in FIG. 46C. The digital PM carrier signal 1016 is re-
illustrated in 60A for convenience. For this example, the digitzil PM carrier
signal 1016 6scillates at approximately 900 MHZ. In FIG. GOB, a digital PM
carrier sighal portion 6004 illustrates a portion of the digital PM carrier signél
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1016 on-an expanded time scale. The process. begins at step-4614,  which -

includes receiving-an EM signal. This is represented by the digital PM carrier

signal'1016.

Step 4616 includes receiving an energy transfer signal F,z. In FIG.

60C, an example energy transfer signal 6006 is illustrated on approximately
the same time scale as FIG. 60B. The energy transfer signal 6006 includes a
train of energy transfer pulses 6007 having non-negligible apertures that tend

away from zero time in duration. The energy transfer pulses 6007 repeat at the

aliasing rate, which is determined or selected as previously described.
Generally, when directly down-converting an EM signal to a demodulated

‘baseband signal, the aliasing rate F,; is substantially equal to a harmonic or,.

‘more typically, a sub-harmonic of the EM signal.

Step 4618 includes transferring energy from the EM signal at the

aliasing rate to directly down-convert the EM signal .to the demodulated .

baseband signal Fpp. In FIG. 60D, an affected digital PM carrier signal 6008

illustrates effects of transferring energy from the digital PM carrier signal

1016 at the aliasing rate F,z. The affected digital PM carrier signal 6008 is -

.illustrated on substantially the same time scale as FIGS. 60B and 60C. -

FIG. 60E. illustrates a demodulated baseband signal 6012, which is
generated by the down-conversion process. - Because a harmonic of the-

:aliasing-rate is substantially equal to the frequency of the signal 1016, -

essentially no IF is produced. The only substantial aliased component is the
‘baseband signal. The demodulated baseband signal 6012 is illustrated with an
arbitrary load impedance. Load impedance optimizaﬁons are discussed in
Section 5 below.

The demodﬁlated_ baseband signal 6012 inciudes portioné 6010A,
_whic_h correlate with the energy transfer pulses 6007 in.FI.G. 60C, and pbrtions

GOIOB, which are between the energy transfer _pﬁlses_ 6007. Portions 6010A

represent energy transferred from the digital PM carrier signal 1_016 .t(.) a

storage device, while simultaneously driving an output load. The portidns
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6010A occur when a switching module is closed by the energy transfer pulses
6@07. - Portions 6010B represent energy stored in a storage device continuing
to drive the load. Portions 6010B occur when the switching module is opened
after energy transfer pulses 6007. _

In FIG. 60F, a demodulated baseband signal 6016 represents a filtered
version of the demodulated baseband signal 6012, on a compressed time scale.
The demodulated baseband signal 6016 is substantially similar to the -
modulating baseband signal 310 and can be further processed using any signal
processing technique(s) without further down-conversion or demodulation.

The present invention can output the unfiltered demodulated baseband
signal 6012, the filtered demodulated baseband signal 6016, a partially filtered
demodulated baseband signal, a stair step output signal, etc. The choice
between these embodiments is generally a design choice that depends upon the -
application of the invention.

‘The aliasing rate of the energy transfer signal is preferably controlled
to -optimize the down-converted signal for amplitude output and polarity, as -
desired.

The drawings referred to herein illustrate direct down-conversion in
accordance with the invention. For example, the demodulated baseband
signals 6012 in FIG. 60E and 6016 in FIG. 60F illustrate that the &igital PM
carrier -signal 1016 was successfully down-converted to a demodulated
baseband signal by retaining enough baseband information for sufficient

reconstruction.

2.2.2.2  Structural Description

- In an embodiment, the energy transfer system 6302 preferably transfers
energy from an EM signal to directly down-convert it to a demodulated
baseband signal in the manner shown in the operational flowchart 4613. Butit -

should be understood that the §cope and spirit of the invention includes other
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structural embodiments for -performing the steps of the flowchart 1413. The -

specifics of the other structural embodiments will be apparent to- persons

“skilled in the relevant art(s) based on the discussion contained herein.

Operation of the energy transfer system 6302 is now described for the
analog PM carrier signal 916, with reference to the flowchart 4613 and the
timing diagrams in FIGS. 59A-F. In step 4614, the energy transfer module
6304 receives the analog PM éarrier signal 916. In step 4616, the energy
transfer module 6304 receives the energy transfer signal 5906. Iﬁ step 4618,
the energy transfer module 6304 transfers energy ﬁ'bm the ar;alog PM carrier
signal 916 at thé aliasing rate of the energy transfer signal 5906, to difectly
down-convert the analog PM carrier signal 916 to the demodulated baseband
signals 5912 or 5916.

- Operation of the energy transfer system 6302 is noﬁv described for the
digital PM carrier signal 1016, with reference to the flowchart 4613 and to the
timing diagrams in FIGS. 60A-F. In step 4614, the energy transfer module
6404 receives the digital PM carrier signal 1016. In step 4616, the energy
transfer module 6404 receives the energy transfer signai 6006. In step 4618,
the energy transfer module 6404 transfers energy from the digital PM carrier
signal 1016 at the aliasing rate of the energy transfer signal 6006, to directly
down:convert the digital PM carrier signal 1016 to the demodulated baseband
signal 6012 or 6016. ' R

- " Example implementations of the energy transfer module- 6302 are

disclosed in Sections 4 and 5 below.

2.2.3 Other Embodiments

‘The embodiments described above are provided for purposes of
illustration. These embodiments are not intended to limit the invention.

Alternate embddiments, diffeﬁng slightly or substantially from those described

herein, will be app’arenfto persons skilled in the relevant art(s) based on the
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teachings contained herein. Such alternate embodiments fall within the scope .
and spirit of the present invention. Example implementations of the energy

transfer module 6302 are disclosed in Sections 4 and 5 below. -

2.3 - Implementation Examples

Exémﬁléry operatidnal and/or structural implementaﬁons related to the
method(s), structure(s), and/or embodiments described above are presented in
Sections 4 and 5 below. These implementations are presented for phrposes of
illuétration, and hot limitation. The invention is not limited to the partichlar
irhpleméntatibn examples described therein. Alternate ~implementations
(inélﬁdin’g equivalents, extensions, variations, deviations, etc., of those
described herein) will be apparent to persons skilled in the relevént art(s)'
based on the teabhings contained herein. Such alternate implementaﬁons fall

within the scope and spirit of the present invention.

3. ' Modulation Conversion

In an embodiment, the invention down-converts an FM carrier signal
Fewc to a non-FM signal Fponpy;, by transferring energy from the FM carrier
signal Fp\c at an aliasing rate. This embodiment is illustrated in FIG. 45B as
4518.

In an example embodiment, the FM carrier signal Fp,. is down-
converted to a phase modulated (PM) signal F,,. In another example
embodiment, the FM carrier signal Fpc is down- converted to an amplitude
modulated (AM) signal F,,. The down-converted signal can be demodulated
with any conventional demodulation technique to obtain a demodulated
baseband signal Fp,;. |

The invention can be implemented with any type of FM signal.
Exemplary embodiments are provided below for down-converting a frequency
shift keying (FSK) signal to a non-FSK signal. FSK is a sub-set of FM,
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wherein an FM signal shifts or switches between two or more frequencies.

FSK -is typically used for digital modulating: baseband signals, such as the

digital modulating baseband signal 310 in FIG. 3. For example, in FIG. 8, the
digital FM signal 816 is an FSK signal that shifts between an upper frequency

and a lower frequency, corresponding to amplitude shifts in the digital
modulatmg baseband signal 310. The FSK signal 816. is used in example
embodlments below. '

In a first example embodiment, energy is transferred from the FSK
signal 816 at an aliasing rate that is based on a mid-point between the upper
and lower frequenc1es of the FSK signal 816. When the aliasing rate is based
on the mid-point, the FSK signal 816 is down—converted to a phase shift
keying (PSK) signal. PSK 1s a sub-set of phase modulatlon wherein a PM
signal shifts or switches between two or more phases. PSK is typlcally used
for di gxtal modulating baseband signals. For example, in FIG 10, the digital
PM signal 1016 is a PSK 51gnal that shlfts between two phases. The PSK
signal 1_016 can be demodulated by any conventional PSK _demodulatlon
technique(s).

In a second example embodiment, energy is transferred from the FSK
signal 816 at an aliasing rate that is based upoh either the upper frequency. ér
the lower frequency of the FSK signal 816. When the aliasing rate is based
upo_ﬁ the upper fréquency or the lower frequency of the FSK signal 816, the

'FSK .signal 816 is down-converted to an amplitude shift keying (ASK) signal.

ASK is a sub-set of amplitude modulation, wherein an AM signal shifts or

“switches between two or more amplitudes. ASK is typically used for digita[

modulating baseband signals. For example, in FIG. 6, the digital AM signal
616 is an ASK signal that shifts between the first amplitude and the second

‘amplitude. The ASK signal 616 can be demodulated by any conventional
- ASK demodulation technique(s). -

The following sections describe methods for transferring energy from

an FM carrier signal Fp to down-convert it to the non-FM signal Fyonem-
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Exemplary structu_ral:férhbodiments for- implementiné.'t:l')e methods are also
described. It should be understood that the invention is not limited to the
particular embodiments described below. - Equivalents, extensions, variations,
deviations, etc., of the following will be apparent to persons skilled in the
relevant art(s) based on the teachings contained herein. Such equivalents,
extensions, variations, deviations, etc., are within the scope and spirit of the -
present invention.

The following sections' include a high level discussion, example

embodiments, and implementation examples.

3.1  High Level Description

This section (including ts subséctions) provides a high-level
description of transferring energy from the FM carrier signal FFM.to down-
convert it to the non-FM signai Fovon-emys according to thé invention. In
particular, an operaﬁonal process for down-éonvertihg the FM carrier signal |
F,_;M to the non-FM signal F(NON_FM). is described at a high-level. A]sd, a
structural implementation for implementing this process is described at a high-
level. The structural implementation is described herein for illustrative
purposes, and is not limiting. In particular, the process described in this
section can be achieved using any number of structural implementations, one
of Whi_ch is described in this section. The details of such structural
impleméntations will be apparent to persons skﬂled in the relevant é.rt(s) based

on the teachings contained herein.

3.1.1 Operational Description

FIG. 46D depicts a flowchart 4619 that illustrates an exemplary
method for down-converting the FM carrier signal Fpc to the non-FM signal
Finonewy The exemplary method illustrated in the flowchart 4619 is an
embodiment of the flowchart 4601 in FIG. 46A.
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- “Any and-all forms of frequency modulation techniques' are ‘valid for
this-invention. For ease of discussion, the digitél'FM- carrier (FSK) signal:816
is used to illustrate a hig}i level operational descripﬁon -of the invention.
Subsequent sections provide detailed flowcharts and descriptions for the FSK
signal 816. Upon reading the disclosure and examples therein, one skilled in
the relevant art(s) will understand that the invention can be implemented to
down-convert any type of FM signal.

The method illustrated in the flowchart 4619 is described below at a

high level for down-converting the FSK signal 816 in FIG. 8C to a PSK

signal. The FSK signal 816 is re-illustrated in FIG. 84A for convenience.

The process of the flowchart 4619 begins at step 4620, which includes
receiving an FM signal. This is represented by the FSK signal 816. The FSK-
signal 816 shifts between a first fréqueﬁcy 8410 and a 'second--ﬁequenéy 8412.
The first frequency 8410 can be. higher or lower than the secbnd frequency
8412. In an exemplary embodiment, the first fréquency 8410 ié approximately
899 MHZ and the second frequency 8412 is approximately 901 MHZ.

Step 4622 includes receiving an energy transfer signal having- an
aliasing rate F,;. FIG. 84B illustrates an example energy trhn_sfer signal 8402
which iﬁcludes a train of energy transfer pulses 8403 having non-negligible
apertures 8405 that tend away from zero time in duratioﬁ.

The energy transfer pulses 8403 repeat at the aliasing rate F,;, which is

‘determined or selected as previously described. Generally, when down-

converting an FM carrier signal Fpyc to a non-FM signal Fnon.ruy, the aliasing
rate is substantiaily equal to a harmonic or, more typicaily, é_ sub-harmonic of
a frequency within the FM signal. In this example overview embodiment,
where the FSK signal 816 is to be down-converted to a PSK signal, the
aliasing rate is substantially equal to a harmonic or, more typically, a sub-
har_monic‘df. the mid-point between the first frequency 8410 and the second
frequency 8412. For the present example, the mid-point is approximately 900

MHZ.
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~ Step 4624 mcludes transferring energy from the FM carrier signal Fpyc

at the aliasing rate to down-convert the FM carrier signal Fgyc to the non-FM
signal F (NON_gM,. FIG. 84C illustrates a PSK signal 8404, which is generated by
the modulation conversion process.

When the second frequency 8412 is under-sampled, the PSK signal
8404 has a frequency of approximately 1 MHZ and is used as a phase
reference. When the first frequency 8410 is under-sampled, the PSK signal
8404 has a frequency of 1 MHZ and is phase shifted 180 degrees from the
phase reference.

FIG. 84D depicts a PSK signal 8406, which is a filtered version of the
PSK signal 8404. The invention can thus generate a filtered output signal, a
partially filtered output signal, or a relatively unfiltered stair step output signal.
The choice between filtered, partially filtered and non-filtered output signals is
generally a design choice that depends upon the application of the invention.

The aliasing rate of the energy transfer signal is preferably controlled
to optimize the down-converted signal for amplitude output and polarity, as
desired.

Detailed exemplary embodiments for down-converting an FSK signal
to a PSK signal and for down-converting an FSK signal to an ASK signal are

provided below.

3.1.2 Structural Description

FIG. 63 illustrates the energy transfer system 6302 according to an
embodiment of the invention. The energy transfer system 6302 includes the

energy transfer module 6304. The energy transfer system 6302 is an example

" embodiment of the generic aliasing system 1302 in FIG. 13.

In 2 modulation conversion embodiment, the EM signal 1304 is an FM
carrier signal Fpyc and the energy transfer module 6304 transfers energy from

FM carrier signal at a harmonic or, more typically, a sub-harmonic of a
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frequency within the FM ‘frequency band. Preferably, the energy transfer
module 6304 transfers energy from the FM carrier signal Fg,,. to down-convert
it to a non- FM signal Fyonpy in the manner shown in the operational

flowchart 4619. But it should be understood that the scope and spirit of the

invention includes other structural embodiments for performing the steps of

the flowchart 4619. The specifics of the other structural embodiments will be
apparent to persons skilled in the relevant art(s) based on the discussion
contained herein.

The operatioﬁ of the energy transfer system 6302 shall now be
described with reference to the flowchart 4619 and the timing_ diagrams of
FIGS. 84A-84D. In step 4620, the energy transfer module 6304 receives the
FSK signal 816. In step 4622, the energy transfer module 6304 receives the
energy transfer signal 8402. In step 4624, the energy transfer module 6304

transfers energy from the FSK signal 816 at the aiiasing rate of the energy
transfer signal 8402 to down-convert the FSK signal 816 to the PSK signal

8404 or 8406.

Example implerﬁentations of the energy transfer module 6302 are

provided in Section 4 below.

3.2  Example Embodiments

Various embodiments Telated to the method(s) and structure(s)
described above are presented in this section (and its subsections). These

embodiments are described herein for purposes of illustration, and not

limitation. The invention is not limited to these embodiments. Alternate

embodiments (including equivalents, extensions, variations, deviations, etc., of

the embodiments described herein) will be apparent to persons skilled in the

relevant art(s) based on the teachings contained herein. The invention is

intended and adapted to include such alternate embodiments.
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The method. f(;;;:iown—convertin'g an FM camer ;ignal Fiumc to @ non-
FM signal, Fyonpuy, illustrated in the flowchart 4619 of FIG.46D, can be
implemented with any type of FM carrier signal including, but not limited to,
FSK signals. The flowchart 4619 is described in detail below for down-
converting an FSK signal to a PSK signal and for down-converting a PSK
signal to an ASK signal. The exemplary descriptions below are intended to
facilitate an understanding of the present invention. The present invention is

not limited to or by the eXemplary embodiments below.

3.2.1 First Example Embodiment: Down-Converting
an FM Signal to a PM Signal.

3.2.1.1 Operatianal Description

‘A process for down-convertlng the FSK s1gnal 816 in FIG. 8C to a
PSK signal is now descnbed for the flowchart 4619 in FIG. 46D

The FSK signal 816 is re-1llustrated in FIG. 61A for convenience. The
FSK signal 816 shifts between a first freque_ncy 6106 and a second frequency -
6108. In the exemplary embodiment, the first frequency 6106 is lower than
the second frequency 6108. In an alternative embodiment, thé first frequency
6106 is higher than the Second frequency 6108. For this example, the first
frequency 6106 is approximately 899 MHZ and the second frequency 6108 is
approximately 901 MHZ. |

FIG. 61B illustrates an FSK signal portion 6104 that represents a
portion of the FSK signal 816 oh an expanded time scale.

The process begins at step 4620, which includes recéiving an FM
signal. This is represented by the FSK signal 816. _

Step 4622 includes receiving an energy transfer signal having an
aliasing rate F,3. FIG. 61C illustrates an example energy.transfer signal 6107
on approximately the same time scale as FIG. 61B. The energy transfer signal

6107 includes a train of energy transfer pulses 6109 having non-negligible
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apertures that' tend ‘away ‘from:zero time in-duration. The energy  transfer

pulses 6109 repeat at the aliasing rate F,;, which is determined or selected as

'described above. Generally, when down- converting an FM signal to a non-

FM signal, the aliasing r_até is ‘substantially equal to a harmonic or, more
typically, a sub-harmonic of a frequency within the FM signal.
- In this example, where an FSK signal is being down-converted to a

PSK signal, the aliasing rate is substantially equal to a harmonic or, more

typically, a sub-harmonic, of the mid-point between the frequencies 6106 and

6108. In this example, where the first frequency 6106 is 899 MHZ and second
frequency 6108 is 901 MHZ, the mid-point is approximately 900 MHZ.

Suitable aliasing rates thus include 1.8 GHZ, 900 MHZ',. 450 MHZ, etc.

Step 4624 includes transferring energy from the FM signal at the

| aliasing rate to down-convert it to the non-FM signal Fyonrm- In FIG. 61D,
- an affected FSK signal 611 8 illustrates effects of transferring enefgy from the
'FSK signal 816 at the aliasing rate F,q. The affected FSK signal 6118 is

illustrated on substantially the same time scale as FIGS. 61B and 61C.
FIG. 61E illustrates a PSK signal 6112, which is generated by the

‘modulation conversion process. PSK signal 6112 is illustrated with an

arbitrary load impedancé. Load impedance optimizations are discussed in

Section 5 below. '

.' The PSK signal 6112 includes portions' 61104, which correlate with
the energy transfer pulses 6107 in FIG. 61C. The PSK signal. 6112 alsb
includes poftions 61 IOB, which are bétW¢en the en.e'r'gy' tfansfér pulses 6109.
Portions 6110A represent enérgy transferred from the FSK 816: to a.storage
device, while simultaneously driving an output load. The portions 6110A
occur when a switching module is closed by the energy transfer pulses 6109.
Portions 6110B represent energy stored in a storage device continuing to drive
the load. Portions 6110B occur when the switching module is opened after

energy transfer pulses 6107.
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- In FIG. 61F, a PSK signal 6114 represents a filtered version of the PSK
signal 6112, on a compressed time scale. The present invention can output the
unfiltered demodulated baseband signal 6112, the filtered demodulated
baseband signal 6114, a partially filtered demodulated baseband signal, a stair

step output signal, etc. The choice between these embodiments is generally a

~ design choice that depehds upon the application of the invention. The PSK

signals 6112 and 6114 can be demodulated with a conventional demodulation
technique(s).

The aliasing rate of the energy transfer signal is fareferably controlled
to optihize the down-converted signal for amplitude output and polarity, as
desired.

The drawings referred to herein illustrate modulation conversion in
accordance with the invention. For example, the PSK signals 6112 in FIG.
61E aﬁd 6114 in FIG. 61F illustrate that the FSK signal 816 was succéssﬁ_llly
down-converted to a PSK signal by retaining enough baseband information for

sufficient reconstruction.

3.2.1.2  Structural Description

The operation of the energy transfer system 1602 is now described for
down-converting the FSK signal 816 to a PSK signal, with reference to the
flowchart 4619 and to the timing diagrams of FIGS. 61A-E. In step 4620, the
energy transfer module 1606 receives the FSK signal 816 (FIG. 61A). In step
4622, the energy transfer module 1606 receives the energy transfer signal 6107
(FIG. 61C). In step 4624, the energy transfer module 1606 transfers energy
from the FSK signal 816 at the aliasing rate of 'the energy transfer signal 6107
to down-convert the FSK signal 816 to the PSK signal 6112 in FIG. 61E or the
PSK signal 6114 in FIG. 61F.
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" 3.2.2.. Second Example Embodiment: Down- R
. Converting an FM Signal to an AM Signal =

3.2.2.1 Operational Description

A process for down-converting the FSK signal 816 in FIG. 8C to an
ASK signal is now described for the flowchart 4619 in FIG. 46D.
The FSK signal 816 is re-illustrated in FIG. 62A for convenience. The _

'FSK signal 816 shlf_'ts between a first frequency 6206 and a second frequency

6208. In the ex_emplary embodiment, the first frequency 6206 is lower than
the second frequency 6208. In an al_temative embodiment, the first frequency
6206 is higher than the second frequency 6208. For this example, the first
frequency 6206 is approximately 899 MHZ and the second frequency 6208 is
approximately 901 MHZ.

FIG. 62B 111ustrates an FSK signal portlon 6204 that represents a
portion of the FSK signal 816 on an expanded time scale.

The process begins at step 4620, which includes receiving an FM
signal. This is represented by the FSK signal 816.

Step 4622 includes receiving an energy transfer signal having an

‘aliasing rate F,z. FIG. 62C illustrates an example energy transfer signal 6207

on approx1mately the same time scale as FIG. 62B. The energy transfer signal
6207 includes a train of energy transfer pulses 6209 havmg_ non-neghglble

apertures that tend away from zero time in duration. The energy transfer.

pulses 6209 repeat at the aliasing rate F,, which is determined or selected as

described above. Generally, when down- converting an FM signal to a non-
FM signal, the aliasing rate is substantially equal to a harmonic or, more
typically, a sub-harmonic of a frequency within the FM signal.

In this example, where an FSK signal is being down-converted_to an

ASK signal, the aliasing rate is substantially equal to a harmonic or, more

typically, a sub-harmonic, of either the first frequency 6206 or the second

frequency 6208. In this example, where the first frequency 6206 is 899 MHZ
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and the second frequency 6208 is 901 MHZ, the aliasing rate can be
substantially equal to a harmonic or sub-harmonic of 899 MHZ or 901 MHZ.

Step 4624 includes transferring energy from the FM signal at the
aliasing rate to down-convert it to the non-FM signal Fyonpm In FIG. 62D,
an affected FSK signal 6218 illustrates effects of transferring energy from the
FSK signal 816 at the aliasing rate F,;. The affected FSK signal 6218 is

illustrated on substantially the same time scale as FIGS. 62B and 62C.

FIG. 62E illustrates an ASK signal 6212, which is generated by the
modulation conversion process. ASK signal 6212 is illustrated with an
arbitrary load impedance. Load impedance optimizations are discussed in
Section 5 below. _

| The ASK signal 6212 includes portions 6210A, which correlate with
the energy transfer pulses 6209 in FIG. 62C. The ASK signal 6212 also
includes portions 6210B, which are between the energy transfer pulses 6209.
Portions 6210A represent energy transferred fro.m the. FSK 816 to a storage
device, while sinﬁultaneously driving an output load. Portions 6210A occur
when a switching module is closed by the energy transfer pulses 6207.
Poﬁions 6210B represent energy stored in a storage device contimiing to drive
the load. Portions 6210B occur when the switching module is opened after
energy transfer pulses 6207. - ' '

In FIG. 62F, an ASK signal 6214 represents a filtered f/ersion of the

~ ASK signal 6212, on a compressed time scale. The present invention can

output the unfiltered demodulated baseband signal 6212, the filtered .
demodulated baseband signal 6214, a partially filtered demodulated baseband
signal, a stair step output signal, etc. The choice between these embodiments
is generally a design choice that depends upon the application of the invention.
The ASK signals 6212 and 6214 can be demodulated with a conventional

demodulation technique(s).
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The aliasing rate of the energy transfer signal is preferably controlled
to optimize the down-converted signal for amplitude output-and/or polarity, as
desired.

The drawings referred to herein illustrate. modulation conversion in

| accordance with the invention. For example, the ASK signals 6212 in FIG. '

62E and 6214 in FIG. 62F illustrate that the FSK signal 816 was successfully
down-converted to an ASK signal by retaining enough baseband information
for sufficient reconstruction.

3.2.2.2  Structural Description

The operation of the energy transfer system 1602 is now described for

'down-conver_ting. the FSK signal 816 to an ASK signal, with reference to the
flowchart 4619 and to the timing diagrams of FIGS. 62A-F. In step 4620, the
:energy transfer module 6304 receives the FSK signal 816 (F IG. 62A). In step .
_4622 the energy transfer module 6304 receives the energy transfer srgnal 6207

(FlG 62C). In step 4624, the energy transfer module 6304 transfers energy
from the FSK signal 818 at the aliasing rate of the energy transfer SIgnal 6207 |
to down-convert the FSK signal 816 to the ASK s1gnal 6212 in FIG. 62E or -
the ASK signal 6214 in FIG. 62F.

3.2.3 Other Example Embodiments

- The embodiments described above are provided for purposes of
illustration. These embodiments are not intended to limit the invention. -
Alternate embodiments, differing slightly or substantially from those described .

herein, will be apparent to persons skilled in the relevant art(s) based on.the

teachings contained herein. Such alternate embediments fall within the scope -

and spirit of the present invention.

Example implementations of the energy transfer module 6302 are

disclosed in Sections 4 and 5 below. _
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- 3.3 Implementation Examples

Exemplary operational and/or structural implementations related to the
method(s), structure(s), and/or embodiments described above are presented in
Sections 4 and 5 below. These imﬁlemeritations are presented for purposes of
illustration, and not Iimita’tion; The invention is not limited to the particular
impleméntation examples - described therein. Alternate implementations -
(including equivalents, extensions, variations, deviations, etc., of those"
described heréin) will be apparent to persons skilled m the relevant art(s) -
based on the teachings contained herein. Such alternate implementations fall

within the scope and spirit of the present invention.

4.  Implementation Examples

Exemplary operational and/or structural implementations related to the
method(s), structure(s), and/or embodiments described above are presented in
this secﬁon.(and its subsections). These implementations aré pre.sented herein
for purposes of illustration, and not limitation. The invention is not limited to -
the particular implem'entation examples described - herein. Alternate :
implementations (including equivalents, extensions, variations, deviations,
etc., of those described herein) will be apparent to persons skilled in the
relevant art(s) based on the teachings contained herein. Such alternate
implementations fall within the scope and spirit of the present invention.

FIG. 63 illustrates an énergy transfer Syétem 6302, which is an
exemplary embodiment of the generic aliasing system 1302 in FIG. 13. The
energy transfer system 6302 includes an energy transfer module 6304, which
receives the EM signal 1304 and an energy transfer signal 6306. The energy
transfer signal 6306 includes a train of energy transfer pulses having non-
negligible apertures that tend away from zero time in duration. The energy -

transfer pulses repeat at an aliasing rate F ,,.

PCT/US00/09911



10

15

20

25

WO 00/64042 -

-196 -

The energy transfer module 6304 transfers energy from the EM signal
1304 at the aliasing rate of the energy transfer signal 6306, as described in the
sections above with respect to the flowcharts 4601 in FIG. 46A, 4607 in FIG.
46B, 4613'-in FIG. 46C and 4619 in FIG. _46D. T_‘he energy transfer module
6304 outputs a down-converted signal 1308B, which includes non-negligible
amounts of energy transferred from the EM signal 1304. -

FIG. 64A illustrates an exemplary gated transfer system 6402, which is
an example of the energy transfer system 6302. The gated transfer system
6402 includes a gated transfer module 6404, which is described below.

FIG. 64B illustrates an exemplary inverted gated transfer system 6406,
which is an alternative example of the energy transfer system 6302. The
inverted gated transfer system 6406 includes an inverted gated transfer module

6408, which is described below.

4.1 The Energy Transfer System as a Gated Transfer System

FIG. 64A rllustrates the exemplary gated transfer system 6402 whrch‘
is an exemplary 1mp1ementat10n of the energy transfer system 6302 The.
gated transfer system 6402 includes the gated transfer module 6404 whlch
recelves the EM signal 1304 and the energy transfer signal 63 06. The energy'
transfer signal 6306 includes a tram of energy transfer pulses having non-
negligible apertures that tend away from zero time in dura’non The energy
transfer pulses repeat at an ahasmg rate Far-

The gated transfer module 6404 transfers energy from the EM signal
1304 at the aliasing rate of the energy transfer signal 6306 as described in the
sections above with respect to the flowcharts 4601 in FIG. 46A, 4607 in FIG.
46B, 4613 in FIG. 46C and 4619 in FIG. 46D. The gated transfer module
6404 outputs the down-converted sxgnal 1308B, which 1ncludes non-neghglble
amounts of energy transferred from the EM signal 1304.
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4.1.1 The Gated Transfer System as a Switch
Module and a Storage Module

FIG. 65 illustrates an example embodiment of the gated transfer
module 6404 as including a switch module 6502 and a storage module 6506.
Preferably, the switch module 6502 and the storage module. 6506 transfer
energy from the EM signal 1304 to down-convert it in any. of the manners
shown in the operational flowcharts 4601 in FIG. 46A, 4607 in FIG. 46B,
4613 in FIG. 46C and 4619 in FIG. 46D. '

For example, operation of the switch module 6502 and the storage
module 6506 is now described for down-converting the EM signal 1304 to an
intermediate signal, with reference to the flowchart 4607 and the example
timing diagrams in FIG. 83A-F.

In step 4608, the switch module 6502 receives the EM signal 1304
(FIG. 83A). In step 4610, the switch module 6502 receives the energy transfer
signal 6306 (FIG. 83C). In step 4612, the switch module 6502 and the storage
module 6506 cooperate to transfer energy from the EM signal 1304 and down-
convert it to an intermediate signal. More specifically, during step 4612, the
switch module 6502 closes during each energy transfer pulse to couple the EM
signal 1304 to the storage module 6506. In an embodiment, the switch module |
6502 closes on rising edges of the energy transfer pulses. In an alternative
embodiment, the switch module 6502 closes on falling edges of the energy
transfer pulses. While the EM signal 1304 is coupled to the storage module
6506, non-negligible amounts of energy are transferred from the EM signal
1304 to the storage module 6506. FIG. 83B.illustrates the EM signal 1304
after the energy is transferred from it. FIG. 83D illustrates the transferred
energy stored in the storage module 6506. The storage module 6506 outputs
the transferred energy as the down-converted signal 1308B. The storage
module 6506 can output the down-converted signal 1308B as an unfiltered
signal such as signal shown in FIG. 83E, or as a filtered down-converted

signal (FIG. 83F).

PCT/US00/09911



10

15

20

25

30

‘WO 00/64042

-198 -

4.1.2 The Gated Transfer Syftem as Break-Before-
Make Module .

FIG. 67A illustrates an .exa_mple embodiment of the gated'tfansfer

"module 6404 as including a break-before-make module 6702 and a storage

module 6716. Preferably, the break before make module 6702 and the storage
module 6716 transfer energy from the EM signal 1304 to down-convert it in

any of the manners shown in the operational flowcharts 4601 in FIG. 46A,

4607 in FIG. 46B, 4613 in FIG. 46C and 4619 in FIG. 46D.

In FIG. 67A, the break-before-make module 6702 includes a includes a
normally open switch 6704 and a normally closed switch 6706. The normally
open switch 6704 is controlled by the energy transfer signal 6306. The
normally closed switch 6706 is controlled by an isolation signal 6712. In an
embodiment, the isolation signal 6712 is generated from the energy transfer

signal 6306. Alternatively, the energy transfer signal 6306 is generated from

. the isolation signal 6712. Alternatively, the isolation signal 6712 is generated

independently from the energy transfer signal 6306. The:break-before-make

“module 6702 substantially isolates an input 6708 from an output 6710. -

FIG. 678 illustrates an example timing diagram of the energy transfer -

-signal 6306, which controls the normally open switch 6704. FIG. 67C -

illustrates an example timing diagram of the isolation signal 6712, which

controls the normally closed switch 6706. Operation of the break-before-make

“modulé 6702 is now described with reference to the example timing diagrams -

in FIGS. 67B and 67C.

Prior to time t0, the normally open switch 6704 and the normally

closed switch 6706 are at their normal states.

At time t0, the isolation signal 6712 in FIG. 67C opens the normally

" closed switch 6706. - Thus, just after time t0, the normally open switch 6704

and the normally closed switch 6706 are open and the input 6708 is isolated

" from the output 6710.
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At time tl, the energy transfer signal 6306 in FIG. 67B closes the
normally open switch 6704 for the non-negligible durfltion of a pulse. This
couples the EM signal 1304 to the storage module 6716.

Prior to t2, the energy transfer signal 6306 in FIG. 67B opens the
normally open switch 6704. This de-couples the EM signal 1304 from the
storage module 6716. -

At time t2, the isolation signal 6712 in FIG. 67C closes the normally
closed switch 6706. This eouples the storage module 6716 to the output 6710.

The storage module 6716, is similar to the storage module 6506 FIG.
65. The break-before-make gated transfer system 6701 down-converts the EM
signal 1304 in a manner similar to that described with reference to the gated

transfer system 6501 in FIG. 65.

4.1.3 Example Implementations of the Switch
Module :

‘The switch module 6502 in FIG. 65 and the switch modules 6704 and
6706 in FIG. 67A can be any type of switch (ievice that preferably has a
relatively low impedance when closed and a relatively high impedance when
open. The switch modules 6502, 6704 and 6706 can be implemented with
normally open or normally closed switches. The switch modules need not be
ideal switch modules.

FIG. 66B illustrates the switch modules 6502, 6704 and 6706 as a
switch module 6610. Switch module 6610 can be implemented in either
normally open or normally closegi architecture. The switch module 6610 (e.g.,
switch modules 6502, 6704 and 6706) can be implemented with any type of
suitable switch device, including, but not limited, to mechanical ‘switch
devices and electrical switch devices, optical switch devices, etc., and
combinations thereof. Such devices include, but are not limited to transistor
switch devices, diode switch devices, relay switch devices, optical switch

devices, micro-machine switch devices, etc., or combinations thereof.
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‘In an embodimeént, the switch module:6610 can be implemented as a

transistor, such as, for example, a field effect traalsi_Stor (FET), a bi-polar

E_transistor, or any other suitable circuit switching device.

- In FIG. 66A, the switch module 6610 is illustrated as a FET 6602. The

'FET 6602 can be any type of FET, including, but not limited to, a MOSFET, a
"JFET, a GaAsFET, etc.. The FET 6602 includes a gate 6604, a source 6606

and a drain 6608. The gate 6604 receives the energy transfer signal 6306 to

:control the switching action between the source 6606 .a_nd the drain 6608. In

'an'embodiment, the source 6606 and the drain 6608 are interchangeable.

It should be understood that the illustratidp of the switch module 6610

-as a FET 6602 in FIG. 66A is for example purpoSes only. Any device having
.switching capabilities could be used to implement the switch module 6610
(i-e., switch modules 6502, 6704 and 6706), as will be apparent to persons

_skilled in the relevant art(s) based on the discussion contained herein.

In FIG. 66C, the switch module 6610 is 1llustrated as a diode switch

6612, which operates as a two lead device when the energy transfer signal

6306 is coupled to the output 6613.

In FIG. 66D, the switch module 6610 is illustrated as a diode switch

f6614, which operates as a two lead device when the energy transfer signal

6306 is coupled to the output 6615.

4.1.4 Example Implementations of the Storage
Module

The storage modules 6506 and 6716 store non-negligible amounts of

energy from the EM signal 1304. In an exemplary embodiment, the storage
‘modules 6506 and 6716 are implemented as a reactive storage module 6801 in

FIG. 68A, although the invention is not limited to this embodiment. A

reactive storage module is a storage module that employs one or more reactive

electrical components to store energy transferred from the EM signal 1304.
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Reactive electrical céiﬁﬁbnents include, but are not hmlted to, capacitors and
inductors.

In an embodiment, the storage modules 6506 and 6716 include one or
more capacitive storage elements, .i}lustrated in FIG. 68B as a capacitive
storage module 6802. In FIG. 68C, the capacitive storage module 6802 is
illustrated as one or more capacitors illustrated generally as capacitor(s) 6804.

The goal of the storage modules 6506 and 6716 is to store non-
negligible amounts of energy transferred from the EM signal 1304. Amplitude
repfoduction of the original, unaffected EM input signal is not necessarily
important. In an energy transfer environment, the storage module preferably
has the capacity to handle the power being transferred, and to allow it to accept
a non-negligible amount of power during a non—negligiblé aperture period.

A terminal 6806 serQes as an output of the capacitive storage module
6802. The capacitive storage module 6802 provides the stdred energy at the
terminal 6806. FIG. 68F illustrates the capacitive storage module 6802 as
including a series capacitor 6812, which can be utilized in an inverted gated
transfer system described below.

In an alternative embodiment, the storage modules 6506 and 6716

- include one or more inductive storage elements, illustrated in FIG. 68D as an -

inductive storage module 6808.
In an alternative embodiment, the storage modules 6506 and 6716
include a combination of one or more capacitive storage elements and one or

more inductive storage clements, illustrated in FIG. 68E as a

capacitive/inductive storage. module 6810.

FIG. 68G illustrates an integrated gated transfer system 6818 that can
be implemented to down-convert the EM signal 1304 as illustrated in, and
described with reference to, FIGS. 83A-F.

PCT/US00/09911



10

15

20

25

WO 00/64042

-202-

4.1.5 ~ Optional Energy Transfer SighatM‘odul'e R

FIG. 69 1llustrates an energy transfer system 6901 wh1ch is anl

_ example embodrment of the energy transfer system 6302 The energy transfer '

: system 6901 mcludes an optronal energy transfer s1gna1 module 6902 whrch

can perform any of a vanety of functrons or combinations of functrons
mcludmg, but not limited to, generating the energy transfer srgnal 6306.

In an embodrment the optional energy transfer srgnal module 6902

mcludes an aperture generator, an example of which is 1llustrated in FIG 68J -

as an aperture generator 6820. The aperture generator 6820 generates non- -

| : neglrglble aperture pulses 6826 from an input signal 6824 The input srgnal
6824 can be any type of periodic signal, 1nclud1ng, but not limited to, a

sinusoid, a square wave, a saw-tooth wave, etc Systems for generatmg the -

_ lnput srgnal 6824 are descrlbed below.

The width or aperture of the pulses 6826 is determmed by delay

.through the branch 6822 of the aperture generator 6820. Generally, as the

desrred pulse width increases, the difficulty in meetmg the requlrements of the

aperture generator 6820 decrease. In other words, to generate non-neghglble
aperture pulses fora grven EM input frequency, the components utrlrzed in the -
example aperture generator 6820 do not require as fast reaction times as ‘those :
that are required in an under-sampling system operating w1th the sarne EM :
mput frequency | | | o

The exampIe logic and rmplementatron shown in the aperture generator
6820 are provided for 1llustrat1ve purposes only, and are not hmltmg The

actual logic employed can take many forms. The example aperture generator

6820 includes an optional inverter 6828, which is shown for polarity

consistency with other examples provided herein.

An example implementation of the aperture. generator 6820 is

‘illustrated in FIG. 68K. Additional examples of aperture generation logic are

‘provided in FIGS. 68H and 68I. FIG. 68H illustrates a rising edge pulse
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generator 6840, which generates pulses..6826 on rising edges of the input
signal 6824. FIG. 68l illustrates a falling edge pulse generator 6850, which
generates pulses 6826 on falling edges of the input signal 6824.

In an embodiment, the input signal 6824 is generated externally of the
energy transfer signal module. 6902, as illustrated in FIG. 69. Alternatively,
the input signal 6924 is generated internally by the energy transfer signal
module 6902. The input signal 6824 can be generated by an oscillator, as
illustrated in FIG. 68L by an oscillator 6830. The oscillator 6830 can be
internal to the energy transfer sighal module 6902 or external to the energy
transfer signal module 6902. The oscillator 6830 can be external to the energy
transfer system 6901. The output of the oscillator 6830 may be any periodic
waveform.

The type of down-conversion performed by the energy transfer system
6901 depends upon the aliasing rate of the energy transfer signal 6306, which
is determined by the frequency of the pulses 6826. The frequency of the
pulses 6826 is determined by the frequency of the input signal 6824. For
example, when the frequency of the input signal 6824 is substantially equal to
a harmonic or a sub-harmonic of the EM signal 1304, the EM signal 1304 is
directly down-converted to baseband (e.g. when the‘ EM signal is an AM
signal or a PM signal), or converted from FM to a non-FM signal. When the
fr_equency of the input signal 6824 is substantially equal to a harmonic or a
sub-harmonic of a difference frequency, the EM signal 1304 is down-
converted to an intermediate signal. _

~ The opﬁonal energy transfer signal module 6902 can be implemented

in hardware, software, firmware, or any combination thereof.

4.2  The Energy Transfer System as an Inverted Gated Transfer
System

FIG. 64B illustrates an exemplary inverted gated transfer system 6406,

which is an _exemplary implementation of the energy transfer system 6302.
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The inverted gated transfer system 6406 includes:an inverted gated ‘transfer

“module 6408, which receives ‘the EM signal -1304 and the energy transfer
‘signal 6306. The energy- transfer signal 6306 includes a train of energy-

transfer pulses having non-negligible apertures that tend away from zero time
in duration. The energy transfer pulses repeat at an aliasing rate F,;. The
inverted gated transfer module 6408 transfers energy from the EM signal 1304
at the aliasing rate of the energy transfer signal 6306, as described in the

sections above with respect to the flowcharts 4601 in FIG. 46A, 4607 in FIG.

'46B, 4613 in FIG. 46C and 4619 in FIG. 46D. The inverted gated transfer

module 6408 outputs the down-converted signal 1308B, which includes non:

negligible amounts of energy transferred from the EM signal 1304.

. 4.2.1 The Inverted Gated Transfer System as a - -
Switch Module and a Storage Module

FIG. 74 illustrates an example embodiment of ‘the inverted gated

transfer module 6408 as including a switch module 7404 and a storage module

7406. Preferably, the switch module 7404 and the storage module 7406

transfer energy from the EM signal 1304 to down-convert it in any of the
“manners shown in the operational flowcharts 4601 in FIG. 46A, 4607 in-FIG.

46B, 4613 in FIG. 46C and 4619 in FIG. 46D. -
The switch module 7404 can be implemented as described above with

reference to FIGS. 66A-D. The storage module 7406 can be implemented as’

- described above with reference to FIGS. 68A-F."

In the illustrated embodiment, the storage module 7206 includes one or
more capacitors 7408. The capacitor(s) 7408 are selected to pass higher
frequency components of the EM signal 1304 through to a terminal 7410,
regardless of the's'taté of the switch module 7404. The capacitor 7408 stores

“non-negligible amounts of energy from the EM signal 1304. Thereafter, the

signal at the terminal 7410 is off-set by an amount related to the energy stored

in the capacitor 7408.
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- Operation of the inverted gated transfer system 7401 is illustrated in
FIGS. 75A-F. FIG. 75A illustrates-the EM signal 1304. FIG. 75B illustrates
the EM signal 1304 after transferring energy from it. FIG. 75C illustrates the
energy transfer signal 6306, which includes a train of energy transfer pulses
having non-negligible apertures. .

FIG. 75D illustrates an example down-converted signal 1308B. FIG.
75E illustrates the down-converted signal 1308B on a compressed time scale.
Since the storage module 7406 is a series element, the higher frequencies (e.g.,
RF) of the EM signal 1304 can be seen on the down-converted signal. This
can be filtered as illustrated in FIG. 75F.

The inverted gated transfer system 7401 can be used to down-convert
any type of EM signal, including modulated carrier signals and unmodulated

carrier signals.

4.3 Rail to Rail Operation for Improved Dynamic Range
4.3.1 Introduction

- FIG. 110A illustrates aliasing module 11000 that down-converts EM
signal 11002 to down-converted signal 11012 using aliasing signal 11014
(sometimes called an energy transfer signal). Aliasing module 11000 is an
example of energy transfer module 6304 in FIG. 63. Aliasing module 11000
includes. UFT module 11004 and storage module 11008. As shown in FIG.
110A, UFT module 11004 is.implemented as a n-channel FET 11006, and
storage module 11008 is implemented as a capacitor 11010, although the
invention is not limited to this embodiment.

FET 11006 receives the EM signal 11002 and aliasing signal 11014. In
one embodiment, aliasing signal 11014 includes a train of pulses having non-
negligible apertures that repeat at an aliasing rate. The aliasing rate may be
harmonic or sub-harmonic of the EM signal 11002. FET 11006 samples EM
signal 11002 at the aliasing rate of aliasing signal 11014 to generate down-
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convertéd signal 11012, In one embodiment, aliasing signal 11014 controls the.
gate of FET-11006 so that FET 11006 conducts (or-turns on) when the FET:
gate-to-source voltage (V) exceeds a threshold voltage (V;) . When the FET
11006 conducts, a channel is created from source to drain of FET 11006 so
that charge is ﬁansfened from the EM signal 11002 to the capacitor 11010.
More specifically, the' FET 11006 conductance (1/R) vs Vg is a continuous
function that reaches an acceptable level at V, as illustrated in FIG. 110B. The
charge stored by capacitor 11010 during successive samples forms down-
converted signal 1 101.2.

As stated above, n-channel FET 11006 conducts whénVGs exceeds the

threshold voltage V;. As' shown in FIG.110A, the gate voltage of FET 11006

is determined by aliasing signal 11014, and the source voltage is determined-

by the input EM signal 11002. Aliasing signal 11014 is preferably a plurality
“of pulses whose amplitude is predictable and set by a system designer. -

'However, the EM signal 11002 is typically received over a communications

medium by a coupling device (such as antenna). Therefore, the amplitude of

"EM signal 11102 may be variable and dependent on a number of factors

“including the strength of the . transmitted signal, and the attenuation of the

communications medium. Thus, the source voltage on FET 11006 is not

entirely predictable and will affect Vg and the conductance of FET 11006,

“accordingly.

For example, FIG. 111A illustrates EM signal 11102, which is an
example of EM signal 11002 that appears on the source of FET 11006. EM
signal 11102 has a section 11104 with a relatively high amplitude as shown.
FIG. 111B illustrates the aliasing signal 11106 as an example of aliasing signal

- 11014 that controls the gate of FET 11006. FIG. 111C illustrates Vg 11108, .

which is the difference between the gate and source voltages shown in FIGS. -
111B and 111A, respectively. FET 11006 has an inherent threshold voltage |
V; 11112 'shown in FIG. 111C, above which FET 11006 conducts. It is-

_preferred that Vg, > V; during each pulse of aliasing signal 11106, so that FET
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11006 conducts and charge is transfetrred from the EM signal 11102 toithe
capacitor 11010 during each pulse of aliasing signal 11106. As shown in FIG.
111C, the high amplitude section 11104 of EM signal 11102 causes a Vg
pulse 11110 that does exceed the V; 11112, and therefore FET 11006 will not
fully conduct as is desired. Therefore, the resulting sample of EM signal 11102
may be degraded, which potentially negatively affects the down-converted
signal 11012. |

As stated earlier, the conductance of FET 11006 vs Vg is
mathematically continuous and is not a hard cutoff. In other words, FET
11006 will marginally conduct when controlled by pulse 11110, even though
pulse 11110 is below V; 11112. However, the insertion loss of FET 11.006
will be increased when compared with a Vg pulse 11111, which is greater
than V; 11112. The performance reduction caused by a large amplitude input-
signal is often referred to as clipping or compression. Clipping causes
distortion .in the down-converted signal 11012, which adversely affects the
faithful down-conversion of input EM signal 11102. Dynamic range is a figure
of merit associated with the range of input signals that can be faithfully down- -
converted without introducing distortion in the down-converted signal. The
higher the dynamic range of a down-conversion circuit, the larger the input
signals that can down-converted without introducing distortion in the down-

converted signal.

4.3.2 C’omplementapy UFT Structure for Improved
Dynamic Range
FIG. 112 illustrates aliasing module 11200, according to an
embodiment of the invention, that down-converts EM signal 11208 to generate
down-converted signal 11214 using aliasing signal 11220. Aliasing module
11200 is able to down-convert input signals over a larger amplitude range as
compared to aliasing module 11000, and therefore aliasing module 11200 has

an improved dynamic range when compared with aliasing module 11000. The
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:dynamié ‘range improvement occurs because alifasin'g' 'module 11200 includes:
“two UFT modules that are implemented with complementary FET devices. In

“other words, one FET is n-channel, and the other FET is p-channel, so that at

least one FET is always conducting during an aliasing signal pulse, assuming

‘the input signal does not exceed the power supply constraints. Aliasing:

module 11200 includes: delay 11202; UFT modulés 11206, 11216; nodes
11210, 11212; and inverter 11222. Inverter 11222 is tied to voltage supplies
V, 11232 and V. 11234. UFT module 11206 comprises n—channel FET 11204,

‘and UFT module 11216 comprises p-channel FET 11218.

* As stated, aliasing module 11200 operates two complementary FETSs to’

‘extend the dynamic range and reduce any distortion effects. This requires that

two complementary aliasing signals 11224, 11226 be generated from aliasing
signal 11220 to control the sampling by FETs 11218, 11204, respectively. To-

do so, inverter 11222 receives and inverts aliasing signal 11220 't'o'ge'neraie

'aliasing signal 11224 that controls p-channel FET 11218. Delay 11202 delays

aliasing signal 11220 to generate aliasing signal 11226, where the amount of
time delay is approximately equivalent to that associated with inverter 11222.

As such, aliasing signals 11224 and 11226 are approximately complementary .

:in amplitude. -

- Node 11210 receives EM signal 11 208, and couples EM signals 11227,

111228 to the sources of n-channel FET 11204 and p-channel FET 11218,

respectively, where EM signals 11227, 11228 are substantially replicas of EM
signal 11208. N—channel FET 11204 samples EM signal 11227 as controlled
by aliasing signal 11226, and produces samples .11236 at the drain of FET
11204. Likewise, p-channel FET 11218 samples EM signal 11228 as
controlled by aliasing signal 11224, and produces samples 11238 at the drain
of FET 11218. Node 11212 combines the resulting charge samples into charge
samples 11240, which are stored by capacitor 11230. The charge stored by -
capacitor 11230 during successive samples forms down-converted signal

11214. Aliasing module 11200 offers improved dynamic range over aliasing

PCT/US00/09911



10

-15

20

25

30

‘WO 00/64042 -

-209 -

module 11000 because n-channel FET 11204 and p-channel FET 11214 are

- complementary devices. Therefore, if one device is cutoff because of a large

input EM signal 11208, the other device will conduct and sample the input
signal, as long as the input signal is between the power supply voltages V,
11232 and V_ 11234. This is often referred to as rail-to-rail operation as will be
understood by those skilled in the arts.

For example, FIG. 113A illustrates EM signal 11302 which is an
example of EM signals 11227, 11228 that are coupled to the sources of n-
channel FET 11204 and p-channel FET 11218, respectively. As shown, EM
signal 11302 has a section 11304 with a relatively high amplitude including
pulses 11303, 11305. FIG. 113B illustrates the aliasing signal 11306 as an
example of aliasing signal 11226 that controls the gate of n-channel FET
11204. Likewise for. the p-channel FET, FIG. 113D illustrates the aliasing
signal 11314 as an example of aliasing signal 11224 that controls the gate of
p-channel FET 11218. Aliasing signal 11314 is the amplitude complement of
aliasing signal 11306.

FIG. 113C illustrates Vg 11308, which is the difference between the
gate and source voltages on n—channel FET 11204 that are depicted in FIGS.

'113B and 113A, respectively. FIG. 113C also illustrates the inherent threshold

voltage V; 11309 for FET 11204, above which FET 11204 conducts. Likewise
for the p-channel FET, FIG. 113E illustrates Vg5 11316, which is the
difference between the gate and source voltages for p-channel FET 11218 that
are depicted in FIGS. 113D and 113A, resbectively. FIG. 113E also illustrates
the inherent threshold voltage V; 11317 for FET 11218, below which FET
11218 conducts. |

As stated, n-channel FET 11204 conducts when Vs 11308 exceeds V;
11309 and p-channel FET 11218 conducts when Vg5 11316 drops below V.,
11317. As illustrated by FIG. 113C, n—channel FET 11204 conducts over the
range of EM signal 11302 depicted in FIG. 113A, except for the EM signal
pulse 11.305 that results in a corresponding Vg pulse 11310 (FIG. 113C) that
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does not exceed Vi 11309. However, p-channel FET 11218 does conduct-
because the same EM signal pulse 11305 causes a Vg pulse 11320 (FIG:
113E) that drops ‘well below that of V; 11317 for the p-channel FET:
Therefore, the .sample of the EM signal 11302 is properly taken by p-channel
FET 11218, and no distortion is introduced in down-converted signal 11214, -

‘Similarly, EM signal pulse 11303 results inV4g pulse 11322 (FIG. 113E) that

is inadequate for the p-channel FET 11218 to fully conduct. However, n-
channel FET 11204 does fully conduct because thé same EM signal pulse
11303 results ina Vg 11311 (FIG. 113C) that greatly exceeds V; 113009.

As illustrated above, aliasing module 11200 offers an improvement in
dynamic range over aliasing module 11000 because of the complimentary FET -
structure. Any input signal that is within the power supply voltages V, 11232 -
and V_ 11234 will cause either FET 11204 or FET 11218 to conduct, or cause

‘both FETSs to conduct, as is demonstrated by FIGS. 113A-113E. This occurs

‘because any input signal that produces a Vg that cuts-off the n-channel FET '

11204 will push the p- channel FET 11218 into conduction. Likewise, any
input signal that cuts-off the p-channel FET 11218 will push the n-channel
FET 11204 into conduction, and therefore prevent any distortion of the down-

converted-output signal.

' 433 Biased Configurations

FIG. 114 illustrates aliasing module 11400, which is an alternate

‘embodiment of aliasing module 11200. Aliasi‘ng module 11400 includes

positive voltage supply (V.) 11402, resistors 11404, 11406, and the elements
in aliasing module 11200. V, 11402 and resistors- 11404,11406 produce a

‘positive DC voltage at node 11405. This allows node 11405 to drive a coupled |

circuit that requires a positive voltage supply, and enables unipolar supply

operation of aliasing module 11400. The positive supply voltage also has the

effect of raising the DC level of the input EM signal 11208. As such, any input
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signal that is within the power. supply voltages V, 11402 and ground will
cause either FET 11204 or FET 11218 to conduct, or cause both FETs to
conduct, as will be understood by those skilled in the arts based on the
discussion herein. -

_ FIG. 115 illustrates aliasing module 11500, which is an alternate
biased configuration of aliasing module 11200. Aliasing module 11500
includes positive voltage supply 11502, negative voltage supply 11508,
resistors 11504, 11506, and the elements in aliasing module 11200. The use of
both a positive and negative voltage supply allows for node 11505 to be biased
anywhere between V, 11502 and V_11508 . This allows node 11505 to drive a
coupled circuit that requires either a positive or negative supply voltage.
Furthermore, any input signal that is within the power supply voltages V,
11502 and V_ 11508 will cause either FET 11204 or FET 11218 to conduct, or
cause both FETs to conduct, as will be understood by those skilled in the arts

based on the discussion herein.

4.3.4 Simulation Examples

CAs stated, an aliasing module with a complementary FET structure
offers improved dynamic range when compared with a single (or unipola'r)'
FET conﬁguration. This is further illustrated by comparing the signal
waveforms associated aliasing module 1160.2' (of FIG. 116) which has a
complementary FET strucﬁlre, with that of aliasing module 11702 (of.'
FIG.117) which has a single (or unipolar) FET structure. |

Aliasing module 11602 (FIG. 116) down-converts EM signal 11608
using aliasing signal 11612 to generate down-converted signal 11610. Aliasing
module 11602 has a complementary FET structure and includes n-channel
FET 11604, p-channel FET 11606, inverter 11614, and aliasing signal
generator 11608. Aliasing module 11602 is biased by supply circuit 11616 as
is shown. Aliasing module 11702 (FIG. 117) down-converts EM signal 11704
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using-aliasing signal 11708 to generate down-converted signal 11706. Aliasing

~module 11702 is a single FET structure comprising n-channel F ET 11712-and

aliasing signal generator 11714, and is biased using volfage supply circuit
11710.
FIGS. 118-120 are signal waveforms that correspond to -aliasing

“module 11602, and FIGS. 121-123 are signal waveforms that correspond to
" aliasing module 11702. FIGS. 118, 121 are down-converted signals 11610,

11706, respectively. FIGS. 119, 122 are the sampled EM signal 11608, 11704,

_respectively. FIGS. 120, 123 are the aliasing -signals '11612, 11708,

respectively. Aliasing signal 11612 is identical to aliasing signal 11708 in’
order that a proper comparison between modules 11602 and 11702 can-be
made. - -

EM signals 11608, 11704 are relatively large input signals that’
approach the power supply voltages of + 1.65 volts, as is shown in FIGS. 119,

122, respectively. In FIG. 119, sections 11902 and 11904 of signal 11608

depict energy transfer from EM signal 11608 to down-converted signal 11610

‘during by aliasing module 11602. More specifically, section 11902 depicts.

energy transfer near the -1.65v supply, and section 11904 depicts energy
transfer near the +1.65v supply. The symmetrical quality of the energy

‘transfer near the voltage supply rails indicates that at least one of

complementary FETs 11604, 11606 are appropriately sampling the EM signal
during each of the aliasing pulses 11612. This results in a down-converted-
signal 1.1 610 that has minimal high frequency noise, and is centered between
-1.0v and 1.0v (i.c. has negligible DC vdltage component).

Similarly in FIG. 122, sections 12202 and 12204 illustrate the energy

transfer from EM signal 11704 to down-converted signal 11706 by aliasing
-module 11702 (single FET configuration). More specifically, section 12202

depicts energy transfer near the -1.65v supply, and section 12204 depicts
energy transfer near the +1.65v supply. By comparing sections 12202, 12204
with sections 11902, 11904 of FIG. 119, it is clear that the energy transfer in
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sections 12202, 12204 is not as symmetrical near the power supply rails as that
of sections 11902, 11904. This is evidence that the EM signal 11704 is
partiaily pinching off single FET 11712 over part of the signal 11704 trace.
This results in a down-converted signal 11706 that has more high frequency
noise when compared to down-converted signal 11610, and has a substantial
negative DC voltage component. -

In summary, down-converted signal 11706 reflects distortion
introduced by a relatively large EM signal that is pinching-off the single FET
11712 -in aliasing module 11702. Down-converted signal 11610 that is
produced by aliasing module 11602 is relatively distortion free. This occurs
because the complementary FET configuration in aliasing module 11602 is
able to handle input signals' with large amplitudes without introducing
distortion in the down-converted signal 11610. Therefore, the complementary
FET configuration in the aliasing- module 11602 offers improved dynamic
range when compared with the single FET configuration of the - aliasing

module 11702.
4.4 Optimized Switch Structures

4.4.1 Splitter in CMOS

FIG. 124A illustrates an embodiment of a splitter circuit 12400
implemented in CMOS. This embodiment is provided for illustrative

purposes, and is not limiting. In an embodiment, splitter circuit 12400 is used

‘to split a local oscillator (LO) signal into two oscillating signals that are

approximately 90° out of phase. - The first oscillating signal is called the I-
channel oscillating signal. The second oscillating signal is called the Q-
channel oscillating signal. The Q-channel oscillating signal lags the phase of
the I-channel oscillating signal by approximately 90°. Splitter circuit 12400
includes a first I-channel inverter 12402, a second I-channel inverter 12404, a

third I-channel] inverter 12406, a first Q-channel-inverter 12408, a second Q-
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channel inverter 12410, an I-channel flip-flop 12412;:and-a Q-channel flip-flop
12414. ' . Lo

FIGS. '124F-] are example waveforms ‘used -to illustrate signal .
relationships of splitter circuit 12400. The waveforms shown in FIGS. 124F-J
reflect ideal delay times through splitter circuit 12400 co.r11ponénts. LO signal -
12416 is showna in FIG. 124F. First, second, and third I-channel inverters
12402, 12404, and 12406 invert LO signal 12416 three times, outputting

‘inverted LO signal 12418, as shown in FIG. 124G. First and second Q-
- channel inverters 12408 and 12410 invert LO signal 12416 twice, outputting
_ non-inverted LO signal 12420, as shown in FIG. 124H. The. delay through-

first, 'second, and third I-channel inverters 12402, 12404, and 12406 is

* substantially equal to that through first and second Q-channel inverters 12408
. and 12410, so that inverted LO signal 12418 and non-inverted  LO signal
112420 are approximately 180° out of phase. The operating characteristics of
- the inverters may be tailored to achieve the proper delay amounts, as would be

-understood by persons skilled in the relevant art(s).

I-channel flip-flop 12412 inputs inverted LO signal 12418. Q-channel
flip-flop 12414 inputs non-inverted LO signal 12420.. In the current
embodiment, I-channel flip-flop 12412 and Q-channel flip-flop 12414 are
edge-triggered flip-flops. When either flip-flop receives a ri.sing edge on its

“input, the flip-flop output changes state. Hence, I-channel flip-flop 12412 and
- Q-channel flip-flop 12414 each output signals that are approximately half of

the input signal frequency. Additionally, as would be recognized by persons
skilled in the relevant art(s), because the inputs to I-channel.flip-flop 12412
and’Q-channel flip-flop 12414 are approximately 180° out of phase, their
resulting outputs are signals that are approximétely 90° out of phase. I-

channel flip-flop 12412 outputs I- channel oscillating signal 12422, as shown

in FIG. 124L. Q-channel flip-flop 12414 outputs Q-channel oscillating signal
12424, as shown in FIG. 124]. Q-channel oscillating signal 12424 lags the
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phase of I-channel oscillating signal 12422 by 90°, also-as shown in a
comparison of FIGS. 1241 and 124].
 FIG. 124B illustrates a more detailed circuit embodiment of the splitter
circuit 12400 of FIG. 124. The circuit blocks of FIG. 124B that are similar to
those of FIG. 124A are indicated by corresponding refert?nce numbers. FIGS.
124C-D show example output waveforms relating to the splitter circuit 12400
of FIG. 124B. FIG. 124C shows I-channel oscillating signal 12422. FIG.
124D -shows Q-channel oscillating signal 12424. As is indicated by a
comparison of FIGS. 124C and 124D, the waveform of Q-channel oscillating
signal 12424 of FIG. 124D lags the waveform of I-channel oscillating signal
12422 of FIG. 124C by approximately 90°. | '
It should be understood that the illustration of the splitter circuit 12400
in FIGS. 124A and 124B is for example purposes only. - Splitter circuit 12400
ma); be comprnised of an assortment of logic ana semiconductor devices of a
variety -of types, as will be apparent to persons skilled in the relevant art(s)

based on the discussion contained herein.

4.4.2 I/Q Circuit

FIG. 124E illustrates an eXample embodiment of a complete I/Q circuit

12426 in CMOS. _. I/Q circuit 12426 includes a splitter circuit 12400 as

described in detail above. Further description regarding 1/Q circuit

imj)]eméntations are provided herein, inclﬁding the applications referenced
above. |
4.5 Exdmpl_e Tand Q Implementati’ons
4.5.1 Switches of Different Sizes

In an embodiment, the switch modules discussed herein can be

implementéd as a series of switches operating in parallel as a single switch.
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The series of switches can be transistors, such as, for example, field effect

‘transistors (FET), bi-polar transistors, or any. other suitable circuit switching

devices. The series of switches can be comprised of one-type. of switching
device, or a combination of different switching.devices.

For example, FIG. 125 illustrates a switch module 12500. In FIG. 125,

;the switch module is illustrated as a series of FETs 12502a-n. The FETs

12502a-n can be any type of FET, including, but not limited to, a MOSFET, a

.JFET, a GaAsFET, etc. Each of FETs 12502a-n includes a gate 12504a-n; a

source 12506a-n, and.a drain 12508a-n, similarly to that of FET 2802 of FIG.
28A.  The series of FETs 12502a-n operate in parallel. Gates 12504a-n are

‘coupled together, sources 12506a-n are coupled together, and drains 12508a-n

-are coupled together. Each of gates 12504a-n receives the control signal 1604, -

8210 to control the switching' action between correspondihg sources 12506a-n
and drains 12508a-n. -Generally, the corresponding sources 12506a-n and

drains 12508a-n of each of FETs 12502a-n are interchangeable; ‘There is no-

numerical limit to the number of FETs. Any limitation would depend-on the

particular application, and the "a-n” designation is not meant to suggest a limit

in any way.

In an embodiment, FETs 12502a-n have similar characteristics. In

another embodiment, one or more of FETs 12502a-n- have . different -

characteristics than the other FETs. For example, FETs 12502a-n may be of

different sizes. In CMOS, generally; the larger size a switch is (meaning the
larger the area under the gate between the soufce and drain regions), the longer
it takes for the switch to turn on. The longer turn on time is due in part to a -
higher gate to channel capacitance that exists in larger switches. Smaller

CMOS switches turn on in less time, but have a higher channel resistance.

Larger CMOS switches have lower channel resistance relative to smaller
'CMOS switches. Different turn on characteristics for different size switches

‘provides ﬂexibility in designing an overall switch module structure. By
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combining smaller switches with larger switches, the channel conductance of
the overall switch structure can be tailored to satisfy given requirements.

In an embodiment, FETs 12502a-n are CMOS switches of different
relative sizes. For example, FET 12502a may be a switch with a smaller size
rel.ative to FETs 12502b-n. FET 12502b may be a switch with a larger size
relative to FET 12502a, but smaller size relative to FETs 12502c-n. The sizes
of FETs 12502c-n also may be varied relative to each other.  For instance,
progressively larger switch sizes may be used. By:varying the sizes of FETs
12502a-n relative to each other, the turn on characteristic curve of the switch
module can be correspondingly varied. For instance, the turn on characteristic
of the switch module can be tailored éuch that it more closely approéches that
of an ideal switch. Alternately, the switch module could be tailored to produce
a shaped conductive curve.

‘By configuring FETs 12502a-n such that one or more of them are of a
relatively smaller size, their faster turn on characteristic can improve the
overall switch module turn on characteristic curve. Because smaller switches
have a lower gate to channel capacitance, they can turn on more rapidly than
larger switches.

By configuring FETs 12502a-n such that oné or more of them are of a
relatively larger size, their lower channel resistance also can improve the
overall switch module turn on chardcteristics. Becéuse larger. switches have a
lower channel resistance, they can provide the ové_fall switch sffuctﬁre with a
lower channel resistance, even when‘combined w1th sr.nal'ler switches. This
improves the overall switch structure’s ability to drive a wider range of loads.
Accordingly, ‘the ability to tailor switch sizes relative to each other in the
overall switch structure allows for overall switch strubture o.peration to more
nearly apprbach ideal, or to achieve application specific requirements, or to
balance trade-offs to achieve specific goals, as will be understood by persons

skilled in the relevant arts(s) from the teachings herein.
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It should be understood that the illustration of the switch module as-a

series of FETs 12502a-n"in FIG. 125 is for example purposes only. Any
‘device having switching capabilities could be used to implement the switch
-module (e.g., switch modules 2802, 2702, 2404 and 2406), as will be apparent

to persons skilled in the relevant art(s) based on the discussion contained -

herein.

4.5.2 Reducing Overall Switch Area

C1rcu1t performance also can be 1mproved by reducrng overall sw1tch

iarea As dlscussed above smaller switches (i.e., smaller area under the gate‘
Ebetween the _source and drain reglons) have a lower gate to channel

;capac1tance relatlve to larger swntches The lower gate to channel capacltancc

allows for lower circuit sensrt1v1ty to noise splkes FIG. 126A 1llustrates an

embodlment of a switch module, with a large overall sw1tch area. The sw1tch.

) module of FIG. 126A includes twenty FETs 12602-12640 As shown FETs_
:12602 12640 are the same size ("Wd" and "Ing" parameters are equal) Input

source 12646 produces the input EM signal. Pulse generator 12648 produces
the energy transfer sxgnal for FETs 12602-12640. Capac1tor C1is the storage._
element for the 1nput sxgnal being sampled by FETs 12602- 12640 FIGS
126B- 126Q 1llustrate example waveforms related to the sw1tch module of F IG

_ 126A. FIG. 126B shows a received 1.01 GHz EM S1gnal to be samp_led and.

downconverted to a 10 MHZ intermediate frequency 51gnal FIG. 126C

shows an energy transfer signal having an ahasmg rate of 200 MHZ whlch is

apphed to the gate of each of the twenty FETs 12602-12640. The energy

transfer signal includes a traln of energy transfer pulses havmg non-negllglble
apertures that tend away from zero time in duration. The energy transfer

pulses repeat at the aliasing rate. FIG. 126D illustrates the affected received

- EM s1gnal showing effects of transferring energy at the ahasmg rate, at pomt_ .
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12642 of FIG. 126A. .FIG. 126E illustrates a down-converted signal at point.
12644 of FIG. 126A, which is generated by the down-conversion process.

FIG. 126F illustrates the frequency spectrum of the received 1.01 GHz
EM signal. FIG. 126G illustrates the frequency spectrum of the received
energy transfer signal. FIG. 126H illustrates the frequency spectrum of the
affected received EM signal at point 12642 of FIG. 126A. FIG. 1261
illustrates the frequency spectrum of the down—coﬁverted signal at point 12644
of FIG. 126A. .

FIGS. 126J-126M respectively further illustrate the frequency
spectrums of the received 1.01 GHz EM signal, the received energy transfer
signal, the affected received EM signal at point 12642 of FIG. 126A, and the
down-converted signal at point 12644 of FIG. 126A, focusing on a narrower
frequenby range centered on 1.00 GHz. As shown in FIG. 1261, a noise spike
exists at approximately 1.0_ GHz on the affected received EM signal at point
12642 of FIG. 126A. This noise spike may be radiated by the circuit, causing
interference at 1.0 GHz to nearby receivers. '

FIGS. 126N-126Q fespebtively illustrate the frequency spectrums of

the received 1.01 GHz EM signal, the received energy transfer signal, the
affected received EM signal at point 12642 of FIG. 126A, and the down-

converted signal at point 12644 of FIG. 126A, focusing on a narrdw frequency
range centered near 10.0 MHZ. In particular, FIG. 126Q shows that an
approximately SmV sigﬁal was downconverted at approximately 10 MHZ

FIG .127A illustrates an alternative embodiment of the switch modulé;
this ﬁrrie with fourtee.n'FETs 12702;12728 shown, rather.than .twenty FETs
12602-12640 as shown in FIG. ]26A. .Additionally, the FETs are of various
sizes '(sorrie "Wd" and " lng". parameters are different between F ETs).

FIGS. 127B-127Q, which are example waveforms related to the
switch module of FIG. 127A, correspond to the similarly designated figures of
FIGS.'126B-126Q. As FIG. 127L shows, a lower level noise spike exists at
1.0 GHz than at the same frequency of FIG. 126L. This correlates to lower
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levels of circuit radiation. ::Additionally, as FIG. 127Q shows, thelower level

noise spike at 1.0 GHz was achieved with no loss in' conversion efficiency.
This is represented in FIG. 127Q by the ‘approximately 5 ‘mV signal.
downconverted at approximately 10 MHZ. This voltage is substantially equal

to the level downconverted by the circuit of FIG. 126A.. In effect, .by

decreasing the number of switches, which decreases overall switch area, and

by reducing switch area on a switch-by-switch basis, circuit parasitic

capacitance can be reduced, as would be understood by persons skilled in the -
relevant art(s) from the teachings herein. In particular this may reduce overall
gate to channel capacitance, leading to lower amplitude noise spikes and

reduced unwanted circuit radiation.

It should be understood that the illustration of the switches above as

FETs in FIGSs. 1 .26A-126Q and 127A-127Q is for example purposes only.

Any device having switching - capabilities could be used to implement the -
switch module, as will be apparent to persons skilled in the relevant art(s) .

based on the discussion contained herein.

4.5.3 Charge Injection Cancellation -

In embodlments wherem ‘the switch modules dlscussed herein are _

_comprlsed of a senes of switches in parallel, in some instances it may be

des:rable to minimize the effects of charge injection. Mlmmlzmg charge
injection is generally desirable in order to reduce the unwanted circuit
radiation resultmg therefrom. In an embodlment unwanted charge m_]ectxon
effects can be reduced through the use of complementary n-channel MOSFETs
and p-channel MOSFETs. N-channel MOSFETs and p-channel MOSFETSs
both suffer from charge injection. However, because 51gnals of opposite
polarity are apphed to their respective gates to turn the switches on and off, the
resulting charge mjectlon 1; of opposite polarity. Resultingly, n-channel

MOSFETs and p-channel MOSFETs may be paired to cancel their
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corresponding charge injection. Hence; in an embodiment, the switch module
may be comprised of n-channel MOSFETs and p-channel MOSFETS, wherein
the members of each are sized to minimize the undesired effects of charge
injection. |

FIG 129A illustrates an altefnatii/e embodiment of the.switch module,
this time with foui'teen n-channel FETs 12902-12928 and twelve p-channel
FETs 12930-12952 shown, rather than twenty FETs 12602-12640 as shown in
FIG. 126A. - The n-channel and p-channel FETs are arranged in a
complementary configuration. Additionally, the FETs are .of various sizes
(some "Wd" and "Ing" parameters are different betWeen_FETs).

FIGS. 129B-129Q, which are example waveforms related to the
switch module of FIG. 129A, correspond to the similarly designated figures of
FIGS. 126B-126Q. As FIG. 129L shows a lower level noise spike exists at
1.0 GHz than at the same frequency of FIG. 126L. This correlates to lower
levels of circuit radiation. Additionally, as FIG. 129Q shows, the lower level

noise spike at 1.0 GHz was achieved with no loss in conversion efficiency.

"This is represented in FIG. 129Q by the approximately 5 mV signal

downconverted at approximately 10 MHZ. This voltage is substantially equal
to the level downconverted by the circuit of .FIG. 126A. In effect, .l.)y
arrangiiig the switches in a complementary configuration, which assists 'in
reducmg charge mjection and by tailormg switch area on a switch-by-switch
basxs the effects of charge mJectlon can be reduced as would be understood
by persons skilled in the relevant art(s) from the teachlngs herein. In particular
this leads to lower amphtude noise spikes and reduced unwanted circuit
radiation.

It should be understood that the use of FETs in FIGSs. 129A-129Q in
the above description is for example purposes only. From the teachmgs
herein, it would be apparent to persons of skill in the relevant art(s) to manage

charge injection in various transistor technologies using transistor pairs.
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- 4.5.4 Overlapped Capacitance

The processes mvolved in fabncatmg semlconductor c1rcults such as

: MOSFETs have hmttatrons In some instances, these process ltmltattons may
_ lead to c1rcu1ts that do not functton as ideally as de51red . For instance, a non-
' 1deally fabricated MOSFET may suffer from parasxtlc capacltances, which in

'some cases may cause the surrounding circuit to radiate noise. By fabricating

Cll‘CllltS with structure layouts as close to ideal as possible, problems of non-
ideal circuit operation can be minimized.

FIG 128A illustrates a cross-sectlon of an example n-channel

.enhancement-mode MOSFET 12800, with ideally shaped n+ reglons
:MOSFET 12800 mcludes a gate 12802, a channel reglon 12804, a source

contact 12806 a source regton 12808, a drain contact 12810 a dram regxon
12812 and an msulator 12814 Source region 12808 and dram region 12812

are separated by p-type material of channel reglon 12804. Source reglon

_ 12808 and drain region.12812 are shown to be n+ material. The n+ matenal is

typically 1mplanted in the p-type material of channel reglon 12804 by an ion

| -1mplantat10n/d1fﬁ1snon process. lon 1mplantat10n/d1ffusmn processes are well
,known by persons skilled in the relevant art(s) Tnsulator 12814 insulates gate
12802 which bridges over the p-type matenal Insulator 128 14 generally

comprises a metal-oxlde insulator. The channel current between source region
]2808 and drain region 12812 for MOSFET 12800 is controlled by a voltage

at gate 12802. .
Operation of MOSFET 12800 shall now be descrlbed When a

posmve voltage is applied to gate 12802, electrons in the p-type matenal of

channel reglon 12804 are attracted to the surface below msulator 12814, "

forming a connectmg near-surface region of n-type materlal between the

source and the drain, called a channel. The larger or more positive the voltage

between the gate contact 12806 and source region 12808, the lower the

resistance across the region between.
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In FIG. 128A, source region 12808 and drain region 12812 are
illustrated as having n+ regions that were formed into idealized rectangular
regions by the ion implantation process. FIG. 128B illustrates a cross-section
of an example n-channel enhancement-mode MOSFET 12816 with non-
ideally shaped n+ regions. Source region 12820 and drain region 12822 are
illustrated as being formed into irregularly | shaped regions by the ion
implantation process. Due to uncertainties in _the ion implantation/diffusion
process, in practical applications, source region 12820 and drain region 12822
do not form rectangular regions.as shown in FIG. 128A. FIG. 128B shows |
source region 12820 and drain region 12822 forming exemplary irregular
regions. Dﬁe to these process uncertainties, the n+ regions of source region.
12820 and drain regiori 12822 also may diffuse further than desired into the p-
type region of channel region 12818, extending underneath gate 12802 ° The
extension of the source region 12820 and drain region 12822 underneath gate
12802 is shown as source overlap 12824 and drain overlap 12826. Source
overlap 12824 and drain overlap 12826 are further illustrated in FIG. 128C.
FIG. 128C illustrates a top-level view of an example layout configuration for
MOSFET 12816. Source overlap 12824 and drain overlap 12826 may lead to
unwanted parasitic capacitances between source region 12820 and gate 12802,
and between drain reglon 12822 and gate 12802. These unwanted parasitic
capacitances may mterfere w1th clrcult function. For instance, the resulting
parasitic capacitances may produce noise spikes that are radiated by the
c1rcu1t causmg unwanted electromagnetlc interference.

" As shown in FIG. 128C, an example MOSFET 12816 may include a
gate pad 12828. Gate 12802 may include a gate extension 1_2830, and a gate
pad extension 12832. Gate extension 12830 is an unused portion of gate
12802 required due to metal implantation process tolerance limitations. Gate
pad extension 12832 is a portion of gate 12802 used to couple gate 12802 to
gate pad 12828. The contact required for gate pad 12828 requires gate pad

extension 12832 to be of non-zero length to separate the resulting contact from |
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the area between'source region 12820 and- drain region- 12822.. This-prevents -

gate 12802 from shorting to the channel between source region 12820 and -

‘drain region 12822 (insulator 12814 of FIG. 128B is very thin in this region).
‘Unwanted parasitic capacitances may form between gate extension 12830 and

‘the substrate (FET 12816 is fabricated on a substrate), and between gate pad

extension 12832 and the substrate. B& reducing the respective areas of gate

‘extension 12830 and gate pad extension 12832, the parasitic capacitances
resulting therefrom can be reduced. Accordingly, embodiments address the . -

iissues of uncertainty in the ion implantation]diffusion process. it will be

obvious to persons skilled in the relevant art(s) how to decrease the areas of .

gate extension 12830 and gate pad extension 12832 in order to reduce the -

resulting parasitic capacitances.

It should be understood that the illustration of the n-channel

enhancement-mode MOSFET is for example purposes only. The present

invention is applicable to depletion mode MOSFETs, and other transistor

types, as will be apparent to persons skilled in the relevant art(s) based onthe

discussion contained herein.

4.6  Other Implementations

The implementations described above are provided for purposes of

illustration. These implementations are not intended to limit the invention.

Alternate implementations, differing slightly or substantially from those

described herein, will be apparent to persons skilled in the relevant art(s) based -

on t'he'teachings contained herein. Such alternate implementations fall within:

the scd_pe and spirit of the present invention.
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5. . Optional Optimizations of Energy Transfer at an Aliasing
Rate
The methods and systems described in sections above can be optimized

with one or more of the optimization methods or systems described below.

5.1  Doubling the Aliasing Rate (FAR) of the Energy Transfer
Signal

In an embodiment, thé optional energy transfer signal module 6902 in
FIG. 69 includes a pulse generator module that generates aliasing pulses at -
twice the frequency of the oscillating source. The input signal 6828 may be -
any suitable oscillating source. o

FIG. 71A illustrates a circuit 7102 that generates a doubler output
signal 7104 (FIG. 71C) that may be used as an energy transfer signal 6306.
The circuit 7102 generates pulses on both rising and falling edges of the input -
oscillating signal 7106 of FIG. 71B. The circuit 7102 can be implemented asa
pulse generator and aliasing rate (F,z) doubler. The doubler output signal
7104 can be used as the energy transfer sighal 6306.

In the example of FIG. 71A, the aliasing rate is twice the frequency of
the input oscillating signal F_ 7106, as shown by EQ. (9) below.

Far=2°F, EQ. (9)

The aperture width of the aliasing pulses is determined by the delay
through a first inverter 7108 of FIG. 71A. As the delay is increased, the
aperture is increased. A second inverter 7112 is shown to maintain polarity
consistency with examples described elsewhere. In an alternate embodiment
inverter 7112 is omitted. Preferably, the pulses have non-negligible aperture
widths that tend away from zero time. The doubler output signal 7104 may be
further conditioned as appropriate to drive the switch module with non-

negligible aperture pulses. The circuit 7102 may be implemented with -
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integrated circuitry, discretely; with equivalent logic circuitry, -or with any

‘valid fabrication technology.-

5.2  Differential Implementations

The invention can be implemented in a variety of differential

‘configurations. Differential configurations are useful for reducing common

mode noise. This can be very useful in receiver systems where common mode

interference can be caused by intentional or unintentional radiators such as

-cellular phones, CB fadios electrical appliances efc.. Differential

| :conﬁguratlons are also useful in reducing any common mode noise due to
:charge injection of the switch in the sw1tch module or due to the design and

| _ 'layout of the system in which the mventlon is used Any spurious signal that

" is induced in equal magmtude and equal phase in both input leads of the

invention will be substantlally reduced or eliminated. Some dlfferentlal

configurations, including some of the configurations below, are also useful for

increasing the voltage and/or for increasing the power of the down-converted

_s1gnal 1308B.

' Dxfferentlal systems are most effective when used with a differential
front end (inputs) and a differential back end (outputs). They can also be
utilized in the following conﬁgurations; for exainple: .' ' '

a) A single-input front end and a differential back end; and

b) A differential front end and a single-output back end.

Examples of these system are provided below, with a first exanaple illustrating

a specifie method by which energy is transferred from the input to the output

differentially..

While an example of a differential energy transfer module is shown

below, the example is shown for the purpose of illustration, not limitation.
Alternate embodiments (including equivalents, ‘extensions, variations,

deviations etc.) of the embodiment described herein will be appafent to those
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skilled in the relevant art based on the teachings contained herein. The

invention is intended and adapted to include such alternate embodiments.

5.2.1 An Example Illustrating Energy Transfer
Differentially
FIG.76A illustrates a differential system 7602 that can be included in
the energy transfer module 6304. The differential system 7602 includes an
inverted gated transfer design similar to that described with reference to FIG.
74. The differential system 7602 includes inputs 7604 and 7606 and outputs
7608 and 7610. The differential system 7602 includes a first inverted gated
transfer module 7612, which includes a storage module 7614 and a switch

module 7616. The differential system 7602 also includes a second inverted

gated transfer module 7618, which includes a storage module 7620 and a

switch module 7616, which it shares in common with inverted gated transfer
module 7612. |

| One or both of the inputs 7604 and 7606 are coupled to an EM signal
source. For example, the inputs can be coupled to an EM signal source,
wherein the input voltages at the inputs 7604 and 7606 are substantially equal
in amplitude but 180 degrees out of phase with one another. Alternatively,
where dual inputs are unavailable, one of the inputs 7604 and 7606 can be
coupled to ground.

In operation, when the switch module 7616 is closed, the storage

- modules 7614 and 7620 are in series and, provided they have similar

capacitive values, accumulate charge of equal magnitude but opposite
'polarities. When the switch module 7616 is open, the voltage at the output
7608 is re]ative to the input 7604, and the voltage at the output 7610 is relative
to the voltage at the input 7606.

Portions of the signals at the outputs 7608 and 7610 include signals
resulting from energy stored in the sforage modules 7614 and 7620,

respectively, when the switch module 7616 was closed. The portions of the
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‘signals at the outputs 7608 and 7610 resulting from the stored charge are

generally equal in amplitude to one another but 180 degrees out of phase.
Portions of the signals at the outputs 7608 and 7610 also include ripple

voltage or noise resulting from the switching action of the switch module

7616. But because the switch module is positioned between the two outputs
:7608 and 7610, the noise introduced by the switch module appears at the
outputs as substantially equal and in-phase with one another. As a result, the

ripple voltage can be substantially canceled out by inverting the signal at one

-of the outputs 7608 or 7610 and adding it to the other remaining output.

Additionally, any noise that is impressed with equal amplitude and equal

‘phase onto the input terminals 7604 and 7606 by any other noise sources will

tend to be canceled in the same way.

5.2.1.1 Differential Input;to-Differential
Output

FIG. 76B illustrates the differential system 7602 wherein the inputs
7604 and 7606 are coupled to equal and opposite EM signal sources,
illustrated here as dipole antennas 7624 and 7626. In this embodiment, when

one of the outputs 7608 or 7610 is inverted and added to the other output, the -

-common mode noise due to the switching module 7616 and other common
‘'mode noise present at the input terminals 7604 and 7606 tend to substantially

‘cancel out.

5.2.1.2 Single Input-to-Differential Output

FIG. 76C illustrates the differential system 7602 wherein the input

7604 is coupled to an EM signal source such as a monopole antenné 7628 and

the input 7606 is coupled to ground. In this configuration, the voltages at the

outputs 7608 and 7610 are approximately one half fhe value of the voltages at
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the outputs in the implementation illustrated in FIG. 76B, given all other:
parameters are equal.

FIG. 76E illustrates an example single input to differential output
receiver/down-converter system 7636. The system 7636 includes the
differential system 7602 wherein the input 7606 is coupled to ground as in
FIG. 76C. The input 7604 is coupled to an EM signal source 7638 through an -
optional input impedance match 7642. The EM signal source impedance can -
be matched with an impedance métch system 7642 as described in section 5
below.

. The outputs 7608 and 7610 are coupled to a differential circuit 7644
such as a filter, which preferably inverts one of the outputs 7608 or 7610 and
adds it to the other output 7608 or 7610. This substantially cancels common

mode noise generated by the switch module 7616. The differential circuit :

7644 preferably filters the higher frequency components of the EM signal .

1304 that pass through the storage modules 7614 and 7620. The resultant
filtered signal is output as the down-converted signal 1308B.

5.2.1.3  Differential Input-to-Single Output

FIG. 76D illustrates the djfferential input to single oﬁfput systém 7629
wherein the inputs 7604 and 7606 of the diﬂ'erential system 7602 are coupled
to equal and opposite EM Qignal dipole anterinas 7630 and 7632. In system
7629, the common mode noise Voltages are not cancélec.l.as in systems shown

above. The output is coupled.from terminal 7608 to a load 7648.

5.2.2 Specific Alternative Embodiments

In specific alternative embodiments, the present invention is
implemented using a plurality of gated transfer modules controlled by a
common energy- transfer signal with a storage module- coupled between the

outputs of the plurality of gated transfer modules. For example, FIG. 99
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illustrates a differential system 9902 that includes first and second gated

transfer modules 9904 and 9906 anda storage module 9908-coupled between.
Operation of the d1fferent1a1 system 9902 will be apparent to one skilled in the

relevant art(s), based on the description herein.

As with the first implementation described above in section 5.5.1 and

‘its" sub-sections, the gated  transfer differential system 9902 can. be

‘implemented “with a single input, differential inputs, a single output,

differential outputs, and combinations thereof. - For example, FIG. 100
illustrates an example single input-to-differential output system 10002.

Where common-mode rejection is desired to protect the input from

‘various common-mode effects, and where common mode rejection to protect
éthe output is not necessary, a differential input-to-single output

. .implementation can be qtiliz'ed. FIG. 102 illustrates an example differential-
fto_—single ended system 10202, where a balance/unbalance (balun) " circuit
10204 is utilized to generate the differential inpﬁt. Other input configurations
'afe contemplated. A first output 10206 is coupled to a foad 10208. A second
output 10210 is coupled to ground point 10212.

‘Typically, in a balanced-to-unbalanced system, where a single output is

‘taken from a differential system without the use of a balun, (1 e., where one of

the output signals is grounded), a loss of about 6 db is observed In the

configuration of FIG. 102, however, the ground point 10212 simply serves as a
DC voltage reference for the circuit. The system 10202 transfers charge from
the input in the same manner as if it were full differential, with its conversion
efficiency generally affected only by the parasitics of the circuit components

used, such as the Rds(on) on FET switches if used in the é}VitCh module: In

‘other words, the charge transfer still continues in the same manner of a single
ended implementation, providing the necessary single-ended ground to :the
.input circuitry when the aperture is active, yet configured to allow the input to
be differential for specific common-mode rejection capability and/or interface

between a differential input and a single ended output syste'rh.
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5.2.3 . Specific Examples of Optimizations and
Configurations for Inverted and Non-Inverted
Differential Designs '

Gated transfer systems aﬁd_ inverted gated transfer systems can be
implemented with any of the various optimizations and configurations
disclosed through the specification, such as, for example, impedance
matching, tanks and resonant structures, bypass networks, etc. . For example,
the differential system 10002 in FIG. 100 , which utilizes gated transfer
modules with an input inipedance matching system 10004 and a tank circuit
10006, which share zi common capacitor. Similarly, differential system 10102
in FIG. 101 , utilizes an inverted gated transfer module with an input
impedance matching system 10104 and a tank circuit 10106, which share a

common capacitor.

5.3  Smoothing the Down-Converted Signal

The down-converted signal 1308B may be smoothed by filtering as
desired. The differential circuit 7644 implemented as a filter in FIG 76E
illustrates but one example. This may be accomplished in any of the described
embodiments by hardware, firmware and software implementation as is well

known by those skilled in the arts.

5.4  Impedance Matching

The energy transfer module has input and output impedances generally
defined by (1) the duty cycle of the switch module, and (2) the impedance of
the storage module, at the frequencies of interest (e.g. at the EM input, and
intermediate/baseband frequencies).

Starting with an aperture width of approximately % the period of the

EM signal being down-converted as a preferred embodiment, this aperture .
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width (e.g. the “closed time”) can be-decreased. - As-the aperture width is.

decreased, the characteristic:impedance at the input and-the output of the
energy transfer module increases. Alternatively, as the aperture width

increases from % the period of the EM signal being down-converted, the

-impedance of the energy transfer module decreases.

One of the steps in determining the characteristic input impedance of

the energy transfer module could be to measure its value. In an embodiment,

‘the energy transfer module’s characteristic input impedance is 300 ohms. ‘An
‘impedance matching circuit can be utilized to efficiently couple an input EM

'signal that has a source impedance of, for example, 50 ohms, with the energy

transfer module’s impedance of, for examplé, 300 ohms. Matching these
impedances can be accomplished in various manners, including providing the

necessary impedance directly or the use of an impedance match circuit as

j described below.

Referring to FIG. 70, a specific embodiment using an RF signal as an.

input, assuming that the impedance 7012 is a relatively low impedance of

approximately 50 Ohms, for example, and the input impedance 7016 is .

approximately 300 Ohms, an initial configuration for the input impedance
match module 7006 can include an inductor 7306 and a capacitor 7308,
configured as shown in FIG. 73. The configuration of the inductor 7306 and

the capacitor 7308 is a possible configuration when going from a low

impedance to a high impedance. Inductor 7306 and the capacitor 7308
‘constitute an L match, the calculation of the values which is well known to

‘those skilled in the relevant arts.

The output characteristic impedance can be impedance matched to

‘take into consideration the desired output frequencies. One of the steps in
‘determining the characteristic output impedance of the energy transfer module
could be to measure its value. Balancing the very low impedance of the

'storage module at the input EM frequency, the storage module should have an

impedance at the desired output frequencies that is preferably greater than or
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equal to the load that is intended to-be driven (for example, in an embodiment,
storage module impedance at a desired 1MHz output freéuency is 2K ohm and
the desired-load to be driven is 50 ohms). An additional benefit of impedance
matching is that filtering of unwanted signals can also be aécbmplished with
the same components. |

In an embodiment, the energy transfer module’s characteristic output
impedance is 2K ohms. An impedance rﬁatching circuit can be utilized to
efficiently couple the down-converted signal with an output impedance of, for
example, 2K ohms, to a load of, fbr ekample, 50 ohms. Matching these.
impedances can be accomplished in véridué manners, including providing the
necessary load impedance di.r.ectly or the use of an impedance match circuit as
described below. o

When matching from a high .impedahce' to a low impedance, a
capacitor 7314 and an inductor 7316 can be éoﬁﬁgured as shown in FIG. 73.
The capacitor 7314 and the inductor 7316 constitute ‘an L match, the
calculation of the component values being well known to those skilled in the
relevant arts.

The conﬁgﬁration of the input impedance match module 7006 and the
output impedance match module 7008 are considered to be initial starting
points for impedance matching, in accordance with the present invention. In
some situations, | the iriitiai designs may be suitable without further
optimization. In other situatidns; the initial designs can be optimized in
accordance with other various design criteria and considerétions.

As other optional optimizing structures and/or corﬁponents are utilized,
their affect on. the characteristic impedance of the enefgy transfer module
should be taken into account in the match along with their own original

criteria.
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5.5  Tanks and Resonant Structures: -~ -

Resonant tank and other resonant structures can be used to further

'optlmlze the energy transfer characteristics of the invention. For example
:resonant structures, resonant about the input frequency, can be used to store
ﬁenergy from the lnput 51gnal when the switch i is open, a penod durmg whrch
'_one may conclude that the architecture would otherw1se be hmrted in its

~maximum possible efﬁcrency Resonant tank and other resonant structures

can include, but are not lrmlted to, surface acoustlc wave (SAW) filters,

'dlelectrlc resonators drplexers capacrtors mductors etc.

An example embodlment is shown in FIG 94A. Two addmonal_

;embodlments are shown in FIG. 88 and FIG. 97. A]temate 1mplementatlons _

'w1ll be apparent to persons skilled in the relevant art(s) based on the teachmgs

contamed herein. Alternate rmplementatlons fall wrthln the scope and spmt of

_the present 1nventlon These 1mplementatlons take advantage of propertles of

_serles and parallel (tank) resonant circuits.

FIG 94A illustrates parallel tank circuits in a differential

-.1mplementatlon A first parallel resonant or tank circuit consrsts of a capacrtor
;9438 and an mductor 9420 (tankl) A second tank crrcult consists of a.
:capamtor 9434 and an mductor 9436 (tank2)

Asis apparent to one skllled in the relevant art(s) parallel tank c1rcu1ts _

‘provide:

low impedance to frequencies below resonance;
low impedance to frequencies above resonance; and

high impedance to frequencies at and near resonance.

In the illustrated example of FIG. 94A, the first and second tank

circuits resonate at approximately 920Mhz. At and near resonance, the
impedance of these circuits is relatively high. Therefore, in the circuit

‘configuration shown in FIG 94A, both tank circuits appear as relatively high
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impedance to the input frequency of 950Mhz, while simultaneously appearing
as relatively low impedance to frequ_enciés in the desired output range of
50Mhz.

An energy transfer signal 9442 controls a switch 9414. When the
energy transfer signal 9442 controls the switch 9414 to open and close, high
frequency signal components are not allowed to pass through tankl or tank2.
However, the lower signal components (50Mhz in this embodiment) generated
by the system are allowed to pass through tankl and tank2 with little
attenuation. The. effect of tankl and tank?2 is to further separate the input and
output signals from the same node thereby producing a more stable input and
output impedance. Capacitors 9418 and 9440 act to store the 50Mhz output
signal energy between energy transfer pulses.

Further energy transfer optimization is provided by placing an inductor
9410 in series with a storage capacitor 9412 as shown. In the illustrated
example, the series resonant frequency of this circuit arrangement is
approximately 1 GHz. This circuit increases the energy transfer characteristic
of the system. The ratio of the impedance of inductor 9410 and the
impedance of the storage capacitor 9412 is préferably kept relatively small so
that the majority of the energy available will be transferred to storage capacitbr
9412 during operation. Exemplary output signals A and B are illustrated in
FIGS. 94B and 94C, respectively. |

In FIG. 94A, circuit components 9404 and 9406 form an input
impedance match. Circuit components 9432 and 9430 form an outi)ut
impedance ‘match into a 50 ohm resistor 9428. Circuit components 9422 and
9424 form a second output imped.ance match into a 50 oﬁm resistor 9426.
Capacitors 9408 and 9412 act as storage capacitors for the embodiment.
Voltage source 9446 and resistor 9402 genefate a 950Mhz signal with a
50ohm output impedance, which are used as the input to the circuit. Circuit
element 9416 includes a 150Mhz oscillator and a pulse generator, which are

used to generate the energy transfer signal 9442.
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FIG. 88 illustrates a shunt tank circuit 8810 in 4 single-ended to-single-
ended system 8812. Similarly, FIG. 97 illustrates a shunt tank circuit 9710 in

a system 9712. The tank circuits 8810 and 9710 lower driving source

-impedance, which improves transient response. The tank circuits 8810 and
9710 are able store the energy from the input signal and provide a low driving
'source impedance to transfer that energy throughout the aperture of the closed
~ switch. The transient nature of the switch aperture can be viewed as having a
response that, in addition to including the input frequency, has large

" ‘component frequencies above the input frequency, (i.e. higher frequencies than

the input freéquency are also able to effectively paes through' the apeérture).

Resonant circuits or structures, for example resonant tanks 8810 or 9710, can -

take advantage of this by being able to transfer energy throughout the switch's

transient frequency response (i.e. the capacitor in the resonant tank appears as

a low driving source impedance during the transient period of the aperture).

The example tank and resonant structures described above -are for -
illustrative purposes and are not limiting. Alternate configurations can be
utilized. The various resonant tanks and structures discussed can be combined

‘or utilized independently as is now apparent.

5.6 - Charge and Power Transfer Concepts

Concepts of charge transfer are now described with reference to FIGS

109A-F FIG 109A illustrates a circuit 10902, mcludlng a switch S and a
capacitor 10906 havmg a capa01tance C. The switch S is controlled by a_

control signal 10908, which includes pulses 19010 having apertures T.
In FIG. 109B, Equation 10 illustrates that the charge q on a capacitor

having a capécitance C, such as the capacitor 10906, is proportional to the

voltage V across the capacitor, where:

q = Charge in Conlombs
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C = Capacitance in Farads -
. V = Voltage in Volts
A = Input Signal Amplitude

- Where the voltage V is represented by Equation 11, Equation 10 can be
rewritten as Equation 12. The change in charge Aq over time t is illustrated as
in Equation 13 as Aq(t), which can be rewritten as Equation 14. Using the
sum-to-product trigonometric identity of Equation 15, Equation 14 can be
rewritten as Equation 16, which can be rewfitten as equation 17.

Note that the sin term in Equation 11 is a function of the aperture T
only. Thus, Aq(t) is at a maximum when T is, equal to an odd multiple of
(ie., m, 3w, 5w, . . . ). Therefore, the capacitor 10906 experiences the greatest
change in charge when the aperture T has a value of m or a time interval
representative of 180 degrees of the input sinusoid. Conversely, when T is
equal to 2x, 4m, 6m, . . ., minimal charge is transferred.

~ Equations 18, 19, and 20 solve for q(t) by integrating Equation 10,
allowing the charge on the capacitor 10906 with respect to time to be graphed
on the same axis as the input sinusoid sin(t), as illustrated in the graph of FIG.
109C. As the aperture T decreases in value or tends toward an impulse, the
phase between the charge on the capacitor C or q(t) and sin(t) tend toward
zero. This is illustrated in the graph 6f 'FIG. 109D, which indicates that the
maximum impﬁlse charge transfer occurs near the input voltage maxima. As-
this graph indicates, considerably less charge is transferred as the value of T
decreases. '

Power/charge relationships are illustrated in Equations 21-26 of FIG.
109E, where it is shown that power is proportional to charge, and transferred
charge is inversely proportional to insertion loss.

Concepts of insertion loss are illustrated in FIG. 109F. Generally, the

noise figure of a lossy passive device is numerically equal to the device
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‘insertion loss. Alternatively, the noise figure for any device cannot be less that -

its insertion loss. Insertion loss can be expressed by Equation 27 or 28.

From the above discussion, it is observed that as the aperture T

‘increases; more charge is transferred from the input to the capacitor 10906,
‘which increases power transfer from the inpui to the output. It has been

‘observed that it is not necessary to accurately reproduce the input voltage at

the output because relative modulated amplitude and phase information is-

retained in the transferred power.

5.7 - Optimizing and Adjusting the Non—Negllgzble Aperture
W’dth/Duratmn

571 Varymg Input and Output Impedances

In an embodiment of the mventlon the energy transfer signal 6306 of

:FIG.63 is used to vary the input impedance seen by the EM Signal 1304 and to
ﬁvary. the output impedance driving a load. An example of this embodiment is
described below using the gated transfer module 6404 shown in FIG. 68G, and
in FIG. 82A. The method described below is not limited to the gated transfer
:mbdule 6404, as it can be applied to all of the embodiments of energy transfer

‘module 6304.

In FIG. 82A, when switch 8206 is closed, the impedance looking into

circuit 8202 is substantially the impedance of storage module illustrated as the
;storage capacitance 8208, in parallel with the impedance of the load 8212.
‘When the switch 8206 is open, the impedance at point 8214 approaches
:inﬁnity. It follows that the average impedance at point 8214 can be varied
from the impedance of the storage module illustrated as the storage
écapacitance 8208, in parallel with the load 8212, to the highest obtainable
%impedance when switch 8206 is open, by varying the ratio of the time that
switch 8206 is open to the time switch 8206 is closed. Since the switch 8206
:is controlled by the energy transfer signal 8210, the impedance at point 8214
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can be varied by controlling the aperture width of the energy transfer signal, in
conjunction with the aliasing rate.

'An example method of altering the energy transfer signal 6306 of FIG.
63 is now described with reference to FIG. 71A, where the circuit 7102
receives tllle input oscillating signal 7106 and outputs a pulse train shown as

doubler output signal 7104. The circuit 7102 can be used to generate the

energy transfer signal 6306. Example waveforms of 7104 are shown on FIG.

71C.

It can be shown that by varying the delay of the signal propagated by
the inverter 7108, the width of the pulses in the doubler output signal 7104 can
be varied. Increasing the delay of the signal propagated by inverter 7108,
increases the width of the pulses. The signal prof)agated.by inverter 7108 can
be delayed by introducing a R/C low pass network in the output of inverter
7108. Other means of altering the delay of the signal propagated by inverter -
7108 will be well known to those skilled in the art. '

5.7.2 Real Time Aperture Control

In an embodiment, the aperture width/duration is.a_dlju.sted in real time.
For exar'nple', referring to the timing .diagrams in FIGS. 98_B_-F,. a clock signal |
9814 (FIG. 98B) is utilized to generate an energy transfer signal9816 (FIG.
98F), which includes energy uaﬁéfer pluses 9818, héving variable apertures
9820. In an embbdiment, the clock éignal 9814 is inverted as illustrated by
inverted clock signal 9822 (FIG. 98D). The clock signal 9814 is also delayed,
as illustrated. by delayed clock signal 9824 (FIG. 98E). The inverted cloék
signal 9814 and the delayed clock sighal .9824 are theﬁ ANDed together,
generating an enefgy transfer signal 9816, which is aétive - energy trarisfef
pulses 9818 - when the delayed clock signal. 9:824 and the inverted clock signal
9822 are both active. The amount of delay imparted to the delayed clock
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| signal 9824. substantially determines the width- or -duration: of the -apertures:-

9820. By varying the delay in real time, the apertures are adjusted in real time.

In an alternative implementation, the inverted clock signal 9822 is

" delayed relative to the original clock signal 9814, and then ANDed with the -

original clock signal 9814. " Altematively, the original clock signal 9814 is-

“delayed then inverted, and the result ANDed with the original clock s1gnal-'
-9814.

- FIG. 98A illustrates an exemplary real time aperture control system.

.9802 that can be utilized to adjust apertures in real time. The example real '
| time aperture contro] system 9802 includes an RC circuit 9804, which includes-
:a voltage variable capacitor 9812 and a resistor 9826. The real time aperture
:control system 9802 also includes an inverter 9806 and an AND gate 9808.
‘The AND gate 9808 optionally includes an enable input 9810 for -

enabling/disabling the AND gate 9808. The RC circuit 9804. The real time

-aperture control system 9802 optionally includes an amplifier 9828.

Operation of the real time aperture control circuit is described with

:reference to the timing diagrams of FIGS. 98B-F. The real time control

system 9802 receives the input clock signal 9814, which is provided to both

the mverter 9806 and to the RC clrcult 9804. The inverter 9806 outputs the .
inverted clock s1gnal 9822 and presents it to the AND gate 9808 The RC.' :

circuit 9804 delays the clock signal 9814 and outputs the delayed clock 31gnal -
9824. The delay is determined primarily by the capacitance of the voltage
variable capacitor 9812. Generally, as the capacitance decreases, the delay
decreases. | | | |

The delayed clock signal 9824 is opt1onally amphf ed by the optlonal

'amphﬁer 9828, before bemg presented to the AND gate 9808 Amphﬁcatxon:

is desired, for example, where the RC constant of the RC cn'cult 9804- B
attenuates the signal below the threshold of the AND gate 9808 _
The AND gate 9808 ANDs the delayed clock signal 9824, the inverted

clock signal 9822, and the optionél Enable signal 9810, to generate the enefgy :
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transfer signal 9816. The apertures 9820 are adjusted in real time by varying
the voltage to the voltage variable capacitor 9812.

In an embodiment, the apertures 9820 are controlled to optimize power
transfer.  For example, in an embodiment, the apertures 9820 are controlled to
maximize power transfer. Alternatively, the apertures 9820 are controlled for
variable gain control (e.g. automatic gain control - AGC). In this embodiment,
power transfer is reduced by reducing the apertures 9820.

- As can now be readily seen from this disclosure, many of the aperture
circuits presented, and others, can be modified in the manner described above
(e.g. circuits in FIGS. 68 H-K). Modification or selection of the aperture can
be done at the design level to remain a fixed value in the circuit, or in an
alternative embodiment, may be dynamically adjusted to compensate for, or
address, various design goals such as receiving RF signals with enhaﬁced.
efficiency that are in distinctively different bands of operation, e.g. RF signals

at 900MHz and 1.8GHz.

5.8 Adding a Bypass Network

In an embodiment of the invention, a bypass network .is added to
imprdVe the efficiency of the energy.transfer module. Such a bypass network
can be viewed as a means of synthetic aperture widening. Components' for a
bypass network are selected so that the bypass network appears substantxally
lower impedance to trans1ents of the ‘switch module (i.e., frequencies greater
than the received EM signal) and appears as a moderate to high impedance to
the input EM signal (e.g., .greate'r that 100 Ohms at the RF frequency).

The time that the input signal is now connected to the opposite side of
the switch module is lengthened due to fhe shaping .ca'used by this network,
which in simple realizations may be a capacitor or series resonant inductor- |
capacitor. A network that is series resonant above the input frequency would

be a typical implementation. This shaping improves the conversion efficiency
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of an ‘input signal that would otherwise, -if one considered. the -aperture of the
energy transfer signal only, be relatively low in frequency to be-optimal. - -

- For example, referring to FIG. 95 a bypass network 9502 (shown in

- this instance as capacitor 9512), is shown bypassing switch module 9504. In

this embodiment the bypass network inc_reas'gs the efficiency of the energy
transfer module when, for example, less than optimal aperture widths were -
chosen for a given input frequency on the energy transfer signal 9506. ‘The
bypass network 9502 could be of different configﬁrations than shown in FIG.
95. Such an alternate is- i_llustrated in FIG.90. Similarly, FIG. 96 illustrates

‘another example bypass network 9602, including a capacitor 9604,

The following discussion will demonstrate the effects of a minimized
aperture and the benefit provided by a bypassing network. Beginning with an

initial circuit having a 550ps aperture in FIG. 103, its output is seen to -be

-2.8mVpp applied to a 50 ohm load in FIG. 107A. Changing the aperture to
'270ps as shown in FIG. 104 results in a diminished output of 2.5Vpp applied

to a 50 ohm load as shown in FIG. 107B. To compensate for this loss, a

‘bypass network may be added, a specific implementation is providé_d in FIG.

105. The result of this addition is that 3.2Vpp can now be applied to the 50

ohm load as shown in FIG. 108A. The circuit with the bypass network in FIG.
105 also had three values adjusted in the surrounding circuit to compensate for

the impedance changes introduced by the bypass network ”and narroWed_

aperture. FIG. 106 verifies that those changes added to the circuit, but without -

the bypass network, did not_thémselves bring about the increased efficiency -

demonstrated by the embodiment. in FIG. 105 with the bypass network. FIG.

'108B shows the result of using the circuit in FIG. 106 in which only 1.88Vpp -

was able to be applied to 2 50 ohm load.
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- 5.9  Modifying the Energy Transfer Signal Utilizing Feedback

FIG 69 showé an embbdimént of a systém 6901 which uses down-
coh\ierted Signél 1308B as fee(iback 6906 to control various chamcteﬁsﬁc§ of
the energy transfef module 6304 to mod.ify the down-converted signal 1308B.

~ Generally, the amplitﬁde of the down-converted signal 1308B varies as
a 'ﬁinc.tion' of the frequ_éncy and phase différénces between the EM signal 1304
and the energy ﬁansfer signal '630.6. In an embodiment, the down-converted
Signal 1308B is used as the feédback 6906 to control the fré':.quency and phase
relationship bétweén the EM signal 1304 and the energy transfer signal 6306.
This can be acéomplished using the example .Iogic in FIG 85A. The example
cifcuit in FIG. 85A can be included in the energy transfer Signél module 6902.
Alfefnate implementations will be Iapparent to persons skilled in fhe relevant
art(s) based on the teachings contained herein. Alternate implementafions fall
within the scope and spirit of the present invention. In this embodiment a
state-machine is used as an example. ” |

| In the example of FIG. 85A, a state machine 8504 reads an analog to
digital converter, A/D 8502, and controls a digital to analog converter, DAC
8506. In an embodiment, the state ‘machine 8504 includes 2 memory
locations, Previous and Current, to store and recall the results of reading A/D
8502. In an embodiment, the state machine 8504 utilizes at least one memory
flag.

The DAC 8506 controls an input to a voltage controlled oscillator,
VCO 8508. VCO 8508 controls a frequency input of a pulse generator 8510,
which, in an embodiment, is substantially similar to the pulse generator shown
in FIG. 68]. The pulse génerator 8510 generates energy transfer signal 6306.

In an embodiment, the state machine 8504 operates in accordance with
a state machine flowchart 8519 in FIG. SSB. The result of this operation is to

modify the frequency and phase relationship between the energy transfer |
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- signal 6306 and the EM signal 1304, to substantially maintain the amplitude of

the down-converted signal 1308B at an optimum level. -

The amplitude of the down-converted signal 1308B can be made to

‘vary with the amplitude of the-energy transfer signal 6306. In an embodiment
:where the switch module 6502 is a FET as shown in FIG 66A, wherein the -
“gate 6604 receives the energy transfer signal 6306, the amplitude of the energy
:transferl signal 6306 can determine the "on" resistance of the FET, which

.affects. the amplitude of the 'dowh-converted_ signal 1308B. The energy

transfer signal module 6902, as shown in FIG. 85C, can be an analog circuit

that enables an au'tor_natic_— gain control. function. Alternate implementations -

‘will be apparent to persons skilled in the relevant art(s) based on the teachings -

contained herein. Alternate implementations fall within the scope and spirit of

the present invention.

5.10 Other Imp[ementation&

‘The implementations described above are provided for purposes of

illustration. These implementations are not intended to limit the invegtibn. :

Alternate implémentations, differing slightly or sﬁbstahtially from tho'se.

‘described herein, will be apparent to persons skilled in the relevant art(s) based
‘on the teachings contained herein. Such alternate implementations fall within

‘the scope and spirit of the present invention.

‘6. Example Energiz Trah.gfer Downconverters -

Example implementatioﬁs are described below for illustrative
purposés. The invention is not limited to these examples.

FIG. 86 is d schematic diégrarh of an exemplary circuit to down
convert a 915 MHz signal to a 5 MHz signal using a 101.1 MHz clock. -

FIG. 87 shows example simulation waveforms for the circuit of figure

86. Waveform 8602 is the input to the circuit showing the distortions caused
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by the switch closure. Waveform 8604 is the unfiltered output at the storage
unit. Waveform 8606 is the impedance matched output of the downconverter
on a different time scale.

FIG. 88 is a schematic diagram of an exemplafy circuit to downconvert
a 915 MHz signal to a 5 MHz signal using a 101.1 MHz clock. The circuit has
additional tank circuitry to improve conversion efficiency.

FIG. 89 shows example simulation waveforms for the circuit of figure
88. Waveform 8802 is the input to the circuit showing the distortions caused
by the switch closure. Waveform 8804 is the unfiltered output at the storage
unit. Waveform 8806 is the output of the downconverter after the impedance
match circuit.

FIG. 90 is a schematic diagram of an exemplary circuit to downconvert
a 915 MHz signal to a 5 MHz signal using a 101.1 MHz clock. The circuit has
switch bypass circuitry to improve conversion efﬁcienéy.

FIG. 91 shows example simuiation waveforms for the circuit of figure
90. Waveform 9002 is the input to the circuit shoWing the distortions caused
by the switch closure. Waveform 9004 is the unfiltered output at the storage
unit. Waveform 9006 is the output of the downconverter after the impedance
match circuit.

FIG. 92 shows a schematic of the example circuit in FIG. 86 connected
to an FSK source that alternates between 913 and 917 MHz, at a baud rate of
500 Kbaud. FIG. 93 shows the original FSK waveform 9202 and the
downconverted waveform9204 at the output of the load impedénce match

circuit.
IV. Mathematical Description of the Present Invention
As described and illustrated in the preceding sections and sub-sections,

embodiments of the present invention down-convert an electromagnetic signal

by repeatedly transferring energy from portions of the electromagnetic signal.
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This-section-describes the operation of the-'pfesent invention mathematically

using matched filter theory, sampling theory, and frequency domain- -

‘techniques. The concepts and principles of these theories are used to describe

the present invention’s waveform processing and would be known to persons
skilled in the relevant arts.

- As will be apparent to persons skilled in the relevant arts based on the - -

teachings contained herein, the description of the present invention contained

herein is a unique and specific application of matched filter theory, sampling

:theory, and frequency domain techniques. It is hot taught or suggested in the
present literature. Therefore, a new transform has been developed, based on
‘matched filter theory, sampling theory, and frequency domain techniques, to

describe the present invention. This new transform is referred to as the UFT -

transform, and it is described in Section 8, below.

It is noted that the fdllowing describes embodiments of the invention, and it is |
provided for illustrative purposes. The invention is not limited to the

descriptions and embodiments described below. It is also noted that

characterizations such as "optimal," "sub-optimal," "maximum," "minimum,"

"ideal," "non-ideal," and the like, contained herein, denote relative

relationships..

1 Overview of the Invention

Embodiments of the present invention down-convert an
electromagnetic signal by ;'epeatedly performing a matched filtering or
correlating operaﬁon on a received carrier signal. Embodiments of the
invention operate on or near approximate half cycles (e.g., %, 1'%, 2%, etc.) of
the received signal. The results of each matched ﬁltering/corfelating process
'are_accumulated, for example ﬁsing a capacitive storage device, and used to

form a down-converted version of the electromagnetic signal. In accordance
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with embodiments of the invention, the matched filtering/correlating process
can be performed at a sub-harmonic or fundamental rate.

 Operating on an electromagnetic signal with a matched
filtering/correlating process or processor p.roduces enhanced  (and in some
cases the best possible) signal-to-noise ration (SNR) for the processed
waveform. A matched filtering/correlating process also preserves the energy
of the electromagnetic signal and transfers it through the processor.

Since it is not always practical to design a matched filtering/correlating
processor with passive networks, the sub-sections that follow also describe
how to implement the present invention using a finite time integrating
operation and an RC processing operation. These embodiments of the present
invention are very practical and can be implemented using existing

technologies, for example but not limited to CMOS technology.

1.1  High Level Description of a Matched Filtering/Correlating
Characterization/Embodiment of the Invention

~In order to understand how embodiments of the present invention
operate, it is useful to keep in mind the fact that such embodiments do not
operate by trying to emulate an ideal impulse sampler. Rather, the present
invention operates by accumulating the energy of a carrier signal and using the
accumulated energy to produce the same or substantially the same result that
would be obtained by an ideal impulse sampler, if such a device could be built.
Stated more simply, embodiments of the present invention recursively
determine a voltage or current value for approximate half cycles (e.g., %, 1%,
2‘/2,. etc.) of a carrier signal, typically at a sub-harmonic rate, and use the
determined voltage or current values to fohn a down-converted version of an
electromagnetic signal. The quality of the down-converted electromagnetic
signal is a function of how efficiently the various embodiments of the present
invention are able to accumulate the energy of the approximate half cycles of

the carrier signal.
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Ideally, some embodiméﬁts of the present invention accumulate all of

‘the available energy ‘contained in each approximate half cycle of the carrier

signal operated upon. This embodiment is generally- referred to herein as a
matched filtering/correlating process or processor. -As described in -detail
below, a matched filtering/correlating processor is able to transfer substantially

all of the energy contained in a half cycle of the carrier signal through the

‘processor for use-in determining, for example, a peak or an average voltage
value of the carrier signal. This embodiment of the present invention produces
‘enhanced (and in some cases the best possible) signal-to-noise ration (SNR),

as described in the sub-sections below.

- FIG. 148 illustrates an example method 14800 for down-converting an -

electromagnetic signal using a matched filtering/correlating operation.

‘Method 14800 starts at step 14810.

~In sfep 14810, a matched ﬁltering/correléting-"operation is performed
on a portion of a carrier signal. For example, a match filtering/correlating

operation can be performed on a 900 MHz RF signal, which typically

comprises a 900 MHz sinusoid having noise signals and information signals

sqperimpo'sed on it. Many different types of signals can be operated upon in -

step 14810, however, and the invention is not limited to operating on a 900

MHz RF signal. In embodiments, Method 14800 operates on approximate

half cycles of the carrier signal.

In an embodiment of the invention, step 14810 comprises the step of
convolving an approximate half cycle of the carrier signal | with a
representation of itself in order to efficiently acquire the energy of the
approximate half cycle of the carrier signal. As described elsewhere herein,
other embodiments use other means for efficiently acquiring the energy of the
approximate half cycle of the carrier éignal.- The matched filtering/correlating
operation can be performed on any approximate half cycle of the carrier signal -
(although the invention is not limited to this), as described in detail in the sub--

sections below.
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. In step 14820, the result of the matched filtering/correlating operation
in step 14810 is accumulated, preferably in an energy storage device. In an
embodiment of the present invention, a capacitive storage devise is used to
store a portion of the energy of an approximate half cycle of the carrier signal.

Steps 14810 and 14820 are repeated for additional half cycles of the
carrier signal. In an embodiment of the present invention, steps 14810 and
14820 are normally performed at a sub-harmonic rate of the carrier signal, for
example at a third sub-harmonic rate. In another embodiment, steps 14810
and 14820 are repeated at an off-set of a sub-harmonic rate of the carrier
signal. . L . _

In step 14830, a down-converted signal is output. In embodiments, the
results of steps 14810 and 14820 are passed on to a reconstruction filter or an
interpolatioﬁ fiter. | |

FIG. 149 illustrates an example gated matched filtering/correlating
system 14900, which can be used to implement method 14800. Ideally, in an
embodiment, an impulse response of matchcd. filtering/correlating system
14900 is identical to the modulated carrier signal, Si(t), to be processed. "As
can be seen in FIG. 149, system 14900 comprises a multiplying module
14902, a switching module 14904, and an integrating module 14906. |

System 14900 can be thought of as a convolution processor. System
14900 multiplies the modulatéd_ carrier signal, S,(t), by a representation of
itself, S,(t-t), using multiplication model 14902. The output of multiplication
module 14902 is then gated by switching module 14904 to integrating module
14906. As can be séen in FIG. 149, switching module 14904 is controlled by
a windowing function, u(t) — u(t-T,). The length of the windowing function
aperture is T,, which is in an emBodiment equal to an approximate half cycle
of the carrier signal. .Switching'module_14904 in an embodiinent ensures that
approximate half cycles of the carrier signal are normally operated upon at a
sub-harmonic rate. In an _embodiment shown in FIG. 72, preprocessing is used

to select a portion of the carrier signal to be operated upon in accordance with
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_the present invention. In an embodiment of system 14900, ‘the received carrier

signal is operated on at an off-set of a sub-harmonic rate of the carrier signal.

Integration module 14906 integrates the gated output of multiplication module

14902 and passes on its result, Sy(t). This 'embodiment of the present’

‘invention is describéd in more detail in subsequent sub-sections.

As will be apparent to persons skilled in the relevant arts given the

‘discussion herein, the present invention is not a traditional realization of a-

matched filter/correlator.

1.2 High Level Description of a Finite Time Integrating
Characterization/Embodiment of the Invention

As descrlbed herein, in some embodunents a matched ﬁlter/correlator

'fembodlment accordmg to the present invention prov1des maxxmum energy
;transfer and maximum SNR. A matched ﬁlter/correlator embod1ment
?however, might not always provide an optimum solution for all applications.
For example, a matched filter/correlator embodimeht might be too ex.pensive'
%or' too complicated to implement for some applicatiorts In such -ihstances
other embodlments accordmg to the present invention may provxde acceptable
;results at a substantially lower cost, using less complex c1rcu1try "The

gmventlon is d1rected to those embodlments as well.

‘As described herein in subsequent sub-sections, a gated matched

Eﬁlter/correlator processor can be approx1mated by a processor whose 1mpulse

.response is a step function havmg a duratlon substantlally equal to the tlme |
interval defined for the waveform, typically a , half cycle of the electromagnetlc |
signal, and an mtegrator ~ Such an approximation of a gated matched
filter/correlator is generally referred to as a finite time mtegrator A finite time
integrator in accordance with an embodiment of the present 1nventlon can be
,1mplemented with, for example, a switching device controlled by a train of
pulses having aperttires substahtially equal to the time interval defined for the

waveform. The energy “transfer and SNR of a finite time integrator
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implemented in accordance with an embodiment of the present invention . is
nearly that of a gated matched filter/correlator, but \;vi_thout having to tailor the
matched filter/correlator for a particular type of electromagnetic signal. As
described in sub-section 6, a finite time integrator embodiment according to
the present invention can provide a SNR result that differs from the result of
matched filter/correlator embodiment by only 0.91dB.

FIG. 150 illustrates an example method 15000 for down-converting an
electromagnetic signal using a matched Afiltering/correlating operation.
Method 15000 starts at step 15010.

In step 15010, a matched filtering/correlating operation is performed
on a portion of a carrier signal. For example, a match filtering/correlating
operation can be performed on a 900 MHz RF signal, which typically
comprises a 900 MHz sinusoid having noise signals and information signals
superimposed on it. Many different types of signals can be operated upon in
step .1 5010, however, and the invention is not limited to operating on a 900
MHz RF signal. In embodiments, Method 15006 operates on approximate
half cycles of the carrier signal.

In an embodiment of the invention, step 15010 comprises the step of
convolving an approximate half cycle of the carrier signal with a
representation of itself in order to efficiently acquire. the energy of the
approximate half cycle of the carrier signal. As described elsewhere herein,
other embodiments use other means for efficiently acquiring the energy of the
appréximate half cycle of the carrier signal. The matched filtering/correlating
operation can be performed on any approximate half cycle of the carrier signal
(although the invention is Inot limited to this), as described in detail in the sub-
sections below. |

In step 15020, the result of the matched filtering/correlating operation
in step 15010 is accumulated, preferably in an energy storage device. In an
embodiment of the present invention, a capacitive storage devise is used to

store a portion of the energy of an approximate half cycle of the carrier signal.
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- Steps 15010 and 15020 are repeated for additional ‘half cycles of the

carrier signal. ‘In one embodiment of the present invention, steps 15010 and -
15020 are performed at a sub-harmonic rate of the carrier signal. In another

“embodiment, steps 15010 and 15020 are repeated at an off-set of a sub-

harmonic rate of the carrier signal.

In step 15030, a down-converted signal is output. In embodiments, the

‘results of steps 15010 and 15020 are passed on to a reconstruction filter or an

interpolation fiter.
FIG. 151 illustrates an example finite time integrating system 15100,

which ‘can be used to ‘implement method 15000. Finite ‘time integrating

.system 15100 has an impulse response that is approximately rectangular, as -
further described in sub-section 4. As can be seen in FIG. 151, system 15100

‘comprises a switching module 15102 and an integrating module 15104.

- Switching module 15102 is controlled by a windowing function, u(t) —

‘u(t-T,). The length of the windowing function aperture is T,, which is equal -

to an approximate half cycle of the received carrier signal, S;(t). Switching

~ module 15102 ensures that approximate half cycles of the carrier signal can be -
operated upon at a sub-harmonic rate. In an embodiment of system 15100, the -

received carrier signal is operated on at an off-set of a sub-harmonic rate of the .

carrier signal.

. Integration module 15104 integrates the output of switching module

15102 and passes on its result, Sy(t). This embodiment of the present

invention is described in more detail in sub-section 4 below.

1.3  High Level Description of an. RC  Processing
Characterization/Embodiment of the Invention

The prior sub-section describes how a gated matched filter/correlator

can be approximated with a finite time integrator. This sub-section describes

‘how the integrator portion of the finite time integrator can be approximated |

with a resistor/capacitor (RC) pfocessor. This embodiment of the present
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invention is generally referred to herein as an RC processor, and it can be very
inexpensive to implement. Additionally, the RC processor embodiment
according to the present invention can be implemented using only passive
circuit devices, and it can be implemented, for example, using existing CMOS
technology. This RC processor embodiment, shown in FIG. 153, utilizes a
very low cost integrator or capacitor as a memory across the aperture or
switching module. If the capacitor is suitably chosen for this embodiment, the

performance of the RC processor approaches that of the matched

- filter/correlator embodiments described herein.

FIG. 152 illustrates an example method 15200 for down-converting an
electromagnetic signal using a matched filtering/correlating operation.
Method 15200 starts at step 15210.

In step 15210, a matched filtering/correlating operation is performed
on a portion of a carrier signal. For example, a match ﬁltering/c;,orre]ating

operation can be performed on a 900 MHz RF signal, which typically

- comprises a 900 MHz sinusoid having noise signals and information signals

superimposed on it. Many different types of signals can be operated upon in
step 15210, however, and the invention is not limited to operating on a 900
MHz RF signal. In embodiments, Method 15200 operates on approximate
half cycles of the carrier signal.

In an embodiment of the invention, step 15210 comprises the step of
convolving an approximate half cycle of the carrier signal with a

representation of itself in order to efficiently acquire the energy of the

~ approximate half cycle of the carrier signal. As described elsewhere herein,

other embodiments use other means for efficiently acquiring the energy of the
approximate half cycle of the carrier signal. The matched filtering/correlating -

operation can be performed on any approximate half cycle of the carrier signal

| (although the invention is not limited to this), as described in detail in the sub-

sections below.
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- In step 15220, the result of the matched filtering/correlating operation
in step 15210 is accumulated, preferably in an energy-storage device. In an
embodiment Qf the present invention, a capacitive storage devise is used to
store a portion of the energy of an appr'oxir'hate half cycle of the carrier signal. -

Steps 15210 and 15220 are repeated for additional half cycles of the:
carrier signal. ‘In an'embodiment of the present invention, steps 15210 and

15220 are normally performed at a sub-harmonic rate of the carrier signal, for

fexample at a third sub-harmonic rate. In another embodiment, steps 15210

and 15220 are repeated at an off-set of a sub-harmonic rate of the carrier

- signal.

In step 15230, a down-converted signal is output. . In.embodiments, the

_results of steps 15210 and 15220 are passed on to a reconstruction filter or an -

_interpolation fiter.

- FIG. 153 illustrates an example RC processing system 15300, which

can be used to -ifnplement method 15200. As can be seen in FIG. 153, system

115300 comprises a source resistance 15302, a switching module 15304, and a -~

capacitance 15306. Source resistance 15302 is a lumped sum resistance.” - -

Switchihg module 15304 is controlled by a windowing function, u(t) —

u(t-T,). The length of the windowing function aperture is T,, which: is equal

to an approximate half cycle of the received carrier signal, S,(t).  Switching
module 15304 ensures that approximate half cycles of the carrier signal are
normally processed at a sub-harmonic rate. In an embodiment of system

15300, the received carrier signal is processed on at an off-set of a sub- -

~ harmonic rate of the carrier signal.

Capacitor 15306 integrates the output of switching module 15304 and
accumulates the energy of the processed portions of the received carrier signal.
RC processor 15300 also passes on its result, Sy(t), to subsequent circuitry for

further processing. This embodiment of the present invention is described in

more detail in subsequent sub-sections.

PCT/US00/09911
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It is noted that the implementations of the invention presented above -
are provided for illustrative purposes. Other implementations will be apparent
to persons skilled in the art based on the herein teachings, and the invention is

directed to such implementations.

o2 Representation of a Power Signal as a Sum of Energy Signals

_This sub-section describes how a power signal can be represented as a
sum of energy signals. The detailed mathematical descriptions in the sub-

sections below use both Fourier transform analysis and Fourier series analysis

-to describe embodiments of the present invention. Fourier transform analysis

typically is used to describe energy signals while Fourier series analysis is

used to describe power signals. In a strict mathematical sense, Fourier

. transforms do not exist for power signals. It is occasionally mathematically

convenient, however, to analyze certain repeating or periodic power signals
using Fourier transform analysis. _

Both Fourier series analysis and Fourier transform analysis can be used
to describe periodic waveforms with pulse like structure. For example,
consider the ideal impulse sampling train in EQ. (10).

x(t)= ia(t-mT,) t - EQ.(10)

m=—cwo

Suppose that this sampl_ing train is convolved (in the time domain)
with a particular waveform s(t), which is of finite duration T, . Hence s(t) is

an energy waveform. Then:

s(t)* x(t) = mié‘(t—st)*s(t) | EQ.(11)
= Ys-mm) EQ. (12)

The above equation is a well known form of the sampler.equation for

arbitrary pulse shapes which may be of finite time duration rather than
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‘impulse-like. ‘The sampler equation possesses a Fourier transform on a term-

by-term basis because each separate is an energy waveform.

Applying the convolution theorem and a term-by-term Fourier

oD

%{s(t)*x(t)}gé{ 3 }a«—mrs)s(f)

m=-w

- Srs{r-m4 )94, ) EQ. (13)

where f, =T,'. In this manner the Fourier transform may be derived fora

train of pulses of arbitrary time domain definition provided that each pulse is

of finite time duration and each pulse in the train is identical to the next. If the
| pulses are not deterministic then techniques viable for stochastic signal
‘analysis may be required. It is therefore possible to represent the periodic

| sigﬁal, which is a power signal, by an infinite linear sum of finite duration
‘energy signals. If the power signal is of infinite time duration, an infinite

'number of energy waveforms are required to create the desired representation.

FIG. 154 illustrates a pulse train 15402. Each pulse of pulse
deterministic train 15402, for example pulse 15404, is an energy signal.

FIG. 155 illustrates one heuristic method based on superposition for

combining pulses to form pulse deterministic train 15402.

The method of FIG. 155 shows how po_Wer signal can be obtained

from a linear piece-wise continuous sum of energy signals.

2.1  De-Composition of a Sine Wave into an Energy 'Sigrial |
Representation

The heuristic discussion presented in the previous section can be

“applied to the piecewise linear reconstruction of a sine wave function or

carrier. FIG. 156 illustrates a simple way to view such a construction.
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" Using the previously developed equations, the waveform y(t)-- can be

represented by:
sin(w £ + q Z sin(w t + ¢{u(t) - %)] * 5(, —¢- _72;«_)

v E sl s o1 5 )o{r- ) of -

=
w |,H
N’

EQ. (14)

and y(t) can be rewritten as:

0 S e o2

m,odd

+ Z[u(t —kT))—-u(t—kT,)]- sm( (r kT, —%—Dsm(a) (- (cT )+4)

‘ _ _ EQ. (1 5)
In general, T is usually integfally related to T,. That is, the sampling
interval T, divided by T, usually results in an integer, which further reduces
the above equation. The unit sfep functiohs are employed to carve out the
portion of a sine function applicable for pbsitive pulses and negative pulse, -
respectively. The point is a power signal may be viewed as an infinite linear

sum of energy signals.
2.2  Decomposition of Sine deeforms

' FIG. 157 illustrates how portions of a carrier signal or sine waveform
are selected for processing according to embodiments of the present invention.
Embodiments of the present invention operate recursively, at a sub-harmonic
rate, on a carrier signal (i.e., sine wave waveform). FIG. 157 shows the case
where there is synchronism in phase and frequency between the clock of the
present invention and the carrier signal. This sub-section, as well as the

previous sub-sections, illustrates the fact that each half-sine segment of a
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carrier signal can be viewed as an energy signal, and may be partitioned from

the carrier or power signal by a gating process. * -
3. Matched Filtering/Correlating Characterization/Embodiment
3.1  Time Domain Description

Embodiments of the present invention are interpreted as a specific

implementation of a matched filter and a réstricted Fourier sine or cosine

'transforrn. The matched filter of such embodiments is not a traditional

realization of a matched filter designed to extract information at the data

bandwidth. Rather, the correlation properties of the filter of the embodiments
exploit specific attributes of bandpass waveforms to efficiently down convert
signals from RF. ‘A controlled aperture s'peciﬁcallly designed to thé‘bandpass

waveform is used. In addition, the matched filter operation of embodiments of

the present invention is applied recursively to the bandpass signal at a rate sub-

‘harmonically related to the carrier frequency. Each matched filtéred result or

correlation of embodiments of the present invention is retained and

accumulated to provide an initial condition for subsequent recursions of the

correlator. This accumulation is approximated as a zero order data hold filter.

An attribute of bandpass Wavefdrms is that they inherently possess
time domain structure, which can be compared to sampling processes. For
example, FIG. 158 illustrates a double sideband large carrier AM waveform
15802, with a dashed reference 15804 and black sample dots 15806. Eac_h half
sine above or below the dashed reference 15804 can represent a finite duration.
pulse that possesses information impressed on the carrier by the modulation
process. '

Sampled systems attempt to extract information in the envelope, at the

black sample dots 15806, if possible. The sample times illustrated by the

black sample dots 15806 are shown here at optimum sampling times.

PCT/US00/09911
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Difficulties arise when the bandpass waveform is at RF. Then
sampling is difficult because of sample rate, sample aperture, and aperture.
uncertainty. When the traditional sampler acquires, the aperture and aperture
uncertainty must be minimized such that the number associated with the
acquired waveform value possesses great accuracy at a particular instant in
time with minimum variance. Sample rate can be reduced by sampling sub-
harmonically. However, precisely controlling a minimized aperture makes the
process very difficult, if not impossible, at RF.

In FIG. 158, the area under a half-sine cycle 15808 is illustrated with
hatched marks. In accordance with embodiments of the present invention,
instead of obtaining a sample of a single waveform voltage value, energy in
the hatched area is acquired. By acquiring energy in the hatched area, the .
effects of aperture uncertainty can be minimized. Moreover, the waveform

itself possesses the sampling information between the half sine zero crossings.

" This is true because the total energy of the hatched area is proportional to the

peak of the modulated half sine peak. This is illustrated by EQ. (16), below.
All that remains is to extract that latent information. IN embodiments, the

underlying theory for optimal extractions of the energy is in fact matched filter

theory.
@ , . 27% . , AzTA
E,= [S(0)a=24 [ (sin(2)) dr= 5 EQ. (16)

Historically, an optimization figure of merit is signal-to-noise ration
(SNR) at the system output. FIG. 159 illustrates a block diagram of an
example optimum processor system 15902, which considers additive white
Gaussian noise (AWGN). The general theory described herein can be
extended to systems operating in the presence of colored noise as well.

Although an RF carrier with modulated information is typically a
power signal, the analysis which follows considers the power signal to be a

piece-wise construct of sequential energy signals where each energy waveform
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is a half sine pulse (single aperture) or multiple sine pulses (see sub-section 2
above). Hence, theorems related to finite time observations, Fourier - . =~ °
transforms, etc., may be applied throughout. :
.Analysis begins with the assumption that a filtering process can
5 improve SNR. No other assumptions are necessary except that the system is
casual and linear. The analysis determines the optimum processor for SNR
-enhancement and maximum energy transfer.

The output of the system is given by the convolution integral

-illustrated in EQ. (17):
10 | Sot)= [, (t=e)r EQ.(17)
‘where h(z') is the unknown impulse response of thé optimum pfoéessoi’.
The output noise variance is found from EQ. (18):
o5 =N, [h*(r)dz EQ. (18)

~ The signal to noise ratio at time t, is given by EQ. (19):

s26,) |66 -he]

15 = - EQ. (19)

oo N, fhz(‘l')d‘t

The Schwarz inequality theorem may be used to maximize the above

ratio by recognizing, in EQ. (20), that:
Si(t,) LW @[ St —e)e
o ~ N, fhz ()=
The maximum SNR occurs for the case of equality in EQ. 20, which .

20 yields EQ. (21):

EQ. (20)

7
Ty

l 2 . . . . .
max = - f S3(t, - z)dr EQ. .(21).

In general therefore:
h(z)= kS, (t, -z u(z) " EQ.(22)

where u(r) is added as a statement of causality and k is an arbitrary gain
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constant. Since, in genéral, the original waveform S; (t) ‘can be considered as
an energy signal (single half sine for the present case), it is important to add
the consideration of t,, a specific observation time. That is, an impulse
response for an optimum processor may not be optimal for all time. This is
due to the fact that an impulse response for realizable systems operating on
energy signals will typically die out over time. Hence, the signal at t is said

to possess the maximum SNR.
This can be verified by maximizing EQ. (21) in general.
| d\s(t) |
—|—*=0 EQ. (23
( dt) = Q. (23)
It is of some interest to rewrite EQ. (21) by é change of variable,

substituting

t=t,—7 This yields:

k['SH(t, - o)r =k [* S2(t)at " EQ.(24)

"This is the energy of the waveform up to time t,. After t;,, the energy
falls off again due to the finite impulse response nature of the processor. EQ.
(24) is of great importance because it reveals an often useful form of a
matched filter known as a correlator. That is, the ‘matched filter may be
implemented by multiplying the subject waveform by itself over the time
interval defined for the waveform, and then integrated. In this realization the
maximum output occurs when the waveform and its optimal processor
aperture are exactly overlapped for t; = T,. It should also be evident from tﬁe
matched filter equivalency stated in EQ. (24) that the maximum SNR solution
also preserves the maximum energy tran'sfer of the desired waveform through
the processor. This may be proven using the Parseval and/or Rayliegh energy

theorems. EQ. (24) relates directly to Parseval's theorem.

PCT/US00/09911
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3.2 Frequency Domain Description

The previous sub-section derived an optimal processor from the time

domain point-of-view according to embodiments of the invention.

Alternately, Fourier transforms may be applied to obtain a frequency domain

representation for h(t). This result is shown below.

HE)=ks; - -
EQ. (25)

Letting j = j2nf and t, = T, we can write the following EQ. (26) for FIGS.

H(jo)= %eﬂ'"’a”s—"ial“/z—) EQ. (20)

- aT, 12

160 and 161.

The frequency domain representation in FIG. 160 represents the

‘response of an optimum processor according to embodiments. FIG. 161

illustrates responses of processors that use parameters different than T a Forty
<< T, the frequency domain response possesses too wide a bandwidth whichl
captures too little of the main lobe of desired energy with respect to out of

band noise power. Conversely, when t,>> T, the energy transfer from thel

signal's main lobe is very inefficient. Therefore, proper selection of T, is key

for implementation efficiency. -

Another simple but useful observation is gleaned from EQ. (24) and

| Rayleigh's Energy Theorem for Fourier transforms:

E=£ st} de=[ |H(f)|2df |  EQ.(27)

| EQ. (27) verifies that the transform of the optimal filter of various
‘embodiments should substantially match the transform of the specific pulse,

‘which is being processed, for efficient energy transfer.

4. Finite Time Integrating Characterization/Embodiment
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It is not always practical to design the matched filter with passive
networks. Sometimes the waveform correlation of S;(t) is also cumbersome
to generate exactly. However, a single aperture realization of embodiments of
the present invention is practical, even in CMOS, with certain concessions. -

Consider FIGS. 162 and 163, which illustrate an optimum single
aperture realization of embodiments of the present invention using sub
harmonic sampling (3rd harmonic) and a processor 16310 according to such
embodiments. Ideally over the aperture of interest, T, , a half sine impulse
response or waveform is used to operate on the original gated S, (t) Suppose

for ease of implementation, however, that a rectangular impulse response is

- used, as illustrated in FIGS. 164A and 164B. The Fourier transform of this

processor still overlaps the Fourier transform for the original pulse S, (t) with
exactly the same nulls, as shown in FIG. 164C. Although the Fourier
correlation is not perfect, it is still quite good. Furthermore, it can be
implemented using a simple switch that lets the half sine through in order to
charge a capacifor, which acquires the total energy of the half sine at to=Ty.
Applying EQ. (26) for both the matched .ﬁlter' and non-matched filter
embodiments yiélds: | "

, _
AT, Optimal Matched Filter Embodiment

1, .
Ep= -‘.o Siz(t) dt =

.Re.vul(,' and

) , o
E i o= [ jol" A- S(t)) dt = (ZI;A) Finite Time Integrator Embodiment -

Result _

It turns out in practice that realizable apertﬁres are nét perfectly
rectangular and do possess a ﬁnitc.rise and_fall.time. In parti_éular, they
become triangular or nearly sinusoidal for very high frequency |

implementations. Thus, the finite time integrating processor result tends

PCT/US00/09911
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toward the matched filtering/correlating processor result when the aperture
becomes sine-like, if the processor possesses constant impedance across the
aperture duration. Even though the matched filter/correlator response
produces a lower output value at T, it yields a higher SNR by a factor of

0.9dB, as further illustrated below in sub-section 6.

5. RC Processing Characterization/Embodiment

Sometimes a precise matched filter is'difficult to construct, particularly
if the pulse shape is complex. Often, such complexities are avoided in favor of

suitable approximations, which preserve the essential features. The single

“aperture realization of embodiments of the . present invention is usually -

implemented conceptually as a first order approximation to a matched filter

‘where the pulse shape being matched is a half-sine pulse. As shown in above,

in embodiments, the matched filter is applied recursively to a carrier

waveform. The time varying matched filter output correlation contains

‘information. modulated onto thé carriér. If many such .matched filter

correlation samples are extracted, the original information modulated onto the -

_carrier is recovered.

| A baseband filter, matched or otherwise, may be applied to the.

recovered information to optimally process the sighal at baseband. The

present invention should not be confused with this optimal baseband -

processing. Rather embodiments of the present invention are applied on a .

time microscopic basis on the order of the time scale of a carrier cycle.

FIG. 165 illustrates a basic circuit 16502 that can be used to describe
an example RC processor according to embodiments of the present invention. .

Circuit 16502 cdmprises a switch 16504. The switch 16504 is closed ona T,

‘basis in order to sample V(t). In the analysis that follows, the transfer

function and impulse response are derived for circuit 16502.

PCT/US00/09911
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The switch 16504 functions as a sampler, which possesses multiplier
attributes. Heviside’s operator is used to model the switch furiction. The
operator is multiplied in the impulse response, thus rendering it essential to the
matched filtering/correlating process. |

5 In the analysis that follows, only one aperture event is considered.
That is, the impulse response of the circuit is considered to be isolated
aperture-to-aperture, except for the initial value inherited from the previous
aperture.

For circuit 16502, shown in Figure 165:

10 Vo(t)=é “-i(t) dt EQ. (28)
i(t)= V; (0)u(t) - u(t—T, )] - Vo(t) | |

R EQ. (29)
V()= I Vi (Oha(t) - (=T )l-Vo(t)-

| RC EQ. (30)
+ Yo (t) V; (t)[u(t) u(t ~T)l

V (t) I RC I dt £0.61)

EQ. (31) represents the integro-differential equation for circuit 16502. The
15 right hand side of EQ. (31) represents the correlation between the input
waveform V,(t) and a rectangular window over the period T,.

The Laplace transform of EQ. (31) is:

initial condition initial condition

% %

bl ) ‘:R‘S’ ol e e

Consider that the initial condition equal to zero, then:

EQ. (32)
20
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s s+(RC)!

o | H()_Vo((s)) C" [] . sTA"]{ g ] - EQ (33)

t
-RC

h)=| [u(o ue-T)  BQ.G4)

Suppose that ¥(t)= 4 s_in(27z %t + ¢) , as illustrated in FIG. 166,

where f, = T, and ¢ is an arbitrary phase shift. (FIG. 166 also shows h(t).)
‘Note in FIG. 166 that h(t) is not ideally a sine pulse. However, the cross
correlation of h(t) and V(t) can still be quite good if RC is properly selected.
This is the optimization, which is requlred in order to approxnmate a matched

-filter result (namely SNR opnmlzatlon given h(t) and V,(1)).

v,()=V,()* h(t) = Asin(af /)*hlt) 0<1<T, EQ. (35)
: " RC
v,(t)= j sin(zf,, (¢ —r))i dr 'EQ. (36)
| 0 RC _
B By a change of variables;
—(I—r)

[u(t 7)-ult -7~ T )]dr

V(t) j A51n(ﬂfAz'+¢)
.where fun2f=1 EQ. 37)

e A et sing REY o ARC
o=y ¢ o ot + §)+sin(af 1 +4)- de [S‘“*” T+, RO " T o ROV
0<e<T,

V(1) = ]:——1——7](sin(ﬂAt)—ﬁARC cos(rtt)+ A ARC- e JRC Jo <t<T,

-cos ¢J
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Notice that the differential equation solution provides for carrier phase
skew, ¢. It is not necessary to calculate the convolution beyond T, since the -
gating function restricts the impulse response length.

FIG. 167 illustrates the response V,(t). The output peaks just before T,

- because the example RC processor is not a perfect matched

filtering/cortelating processor, but rather an approximation. FIG. 168
illustrates that the maximum of the function occurs at # = 75T ,,fora =26,

which can be verified by evaluating:
2 v,(t)=0 EQ. (38)
at .

Solving the differential equation for ¥, (¢) permits an optimization of

B =(RC)" for maximization of V.

FIG. 169 illustrates a spread of values for beta. In embodiments, the
peak g occurs at approximately B =2.6. FIG. 169 illustrates a family of ..
output responses for processors according to embodiments of the present
invention having different beta values. - In embodiments, the definition used

for optimality to obtain S = 2.6 is the highest value of signal obtained at the
cutoff instant, T,. Other criteria can be applied, particularly for mulfiple pulse

" accumulation and SNR consideration.

In embodiments, one might be tempted to increase S and cutoff earlier
(i.e., arbitrarily reduce T,). Howévér, this does not necessarily always lead to
enhahc‘ed SNR, and it reduces charge transfer in the process. It can also create
imhedance matching coﬁcems, and possibly make it necessary to have a high-
speed buffer. That is, reducing T, and C is shown below to decrease SNR.
Nevertheless, Some gain might be achieved by reducing T, to .75 for 8 =2.6,
if maximum voltage is the goal.

In embodiments, in order to maximize SNR, consider the following.

The power in white noise can be found from:
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eI N '*_?2_(4)43" X<t}

)v f ”[e%' ](u(t) u(z T)) d/l' ” EQ {40)

oo B Nyil ( el N.ﬂ.n) @TA- . EQ. (41)

2.
£ =(rC)"

‘Notice that o2 is a function of RC.

The signal power is calculated from:

by (1‘(717?)‘ ] it ) 51, -costaf et )

EQ. (42)

- "Hence, the SNR at T, is given by:

(e}

(Vo(t))2 — 2 | -1 + B e P

EQ. (43)

iMaximizihg the SNR requires solving:

Vo) : '
aﬂ{ ) .0 | EQ. (44)

:Solving the SNR . numerically yields # values that are ever decreasing but °

with a diminishing rate of return.
As can be seen in FIG. 170, in embodiments, 8 = 2.6 for the maximum

voltage response, which corresponds to a normalized SNR relative to an ideal

matched filter of 0.431. However, in embodiments, selecting a 8 of _%0 the

B ., which opﬁmizes voltage, produces a superior normalized SNR of 0.805

(about 80.5% efficiency) This is a gain in SNR performance of about 2.7dB. .

PCT/US00/09911
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In certain embodiments, it turns out that for an ideal matched filter the
optimum sampling point corresponding to correlator peak is precisely T,.
However, in emﬁodiments, for the RC processor, the peak output of occurs at
approximately 0.75 T, for large B (i.e., # =2.6). That is because the impulse
response is not perfectly matched to the carrier signal. However, as £ is
reduced significantly, the RC processor response approaches the efficiency of
the finite time integrating processor response in terms of SNR performance.
As S is lowered, the optimal SNR point occurs closer to T,, which simplifies
design greatly. Embodiments of the present invention provides excellent
energy accumulation over T, for low 8, particularly when simplicity is

valued.
5.1  Charge Transfer and Correlation

The basic equation for charge transfer is:

3‘: Ci—t (assuming C constant over tlme) EQ. (45)

q=CV

Similarly the energy u stored by a capacitor can be found from:

j 9 g, - -T EQ. (46)
" From EQs. (45) and (46):
: 2
u= %’— EQ. (47)

Thus, the charge stored by a capacitor is proportional to the voltage across the
capacitor, aﬂd the energy stored b;' the capacitor is proportional to the square
of the charge or the voltage. Hence, by transferring charge, voltage and energy
are also transferred. If little charge is transferred, little energy is transferred,

and a proportionally small voltage results unless C is lowered.
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The law of conversation of charge is an extension of the law of the -
conservation of energy. EQ..'(45) illustrates that if'a finite amount of charge -
must be transferred in an infinitesimally short amount of time then the voltage, -
and hence voltage squared, tends toward infinity. The situation becomes even .
more troubling when resistance is added to the equation. Furthermore,

. 1 ¢Ta

"
c clo

idt  EQ.(48)

This implies an infinite amount of current must be supplied to create the
infinite voltage if T, is infinitesimally small. Clearly, such a situation is
impractical, especially for a device without gain.

In most radio systems, the antenna produces a small amount of power
available for the first conversion, even with amplification from an LNA.

Hence, if a finite voltage and current restriction do apply to the front end of a

_radio then a conversion device, which is an impulse sampler, must by

definition possess infinite gaih. This would not be practical for a switch.
What is usually approximated in practice is a fast sample time, charginga -
sméll capacitor, then holding the value acquired by a hold amplifier, which
preserves the voltage from sample to sample.

~ The analysis that follows shows that given a finite amount of time for

‘energy transfer through a conversion device, the impulse response of the ideal

processor, which transfers energy to a capacitor when the input voltage source
is a sinusoidal carrier and possesses a finite source impedance, is represented
by embodiments of the present invention. If a significant amount of energy

can be transferred in the sampling process then the tolerance on the charging -

‘capacitor can be reduced, and the requirement for a hold amplifier is

significantly reduced or even el_iminated.'

In embodiments, the maximum amount of energy -available over a half

-sine pulse can be found from:

=" sf(i)dz=A22T‘ . EQ@9)

PCT/US00/09911
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This points to a correlation processor or matched filter processor. If energy is
of interest then a useful processor, which transfers all of the half sine energy,
is revealed in EQ. (48), where T, is an aperture .e‘qui_valent to the half sine
pulse. In embodiments, EQ. (49) provides the clue to an optimal processor.

Consider the following equation sequence.
w Ta . T
j h(z)s; (t-2)dr = j kST, - M7 = j ;Siz(t)dt
0 0 -

EQ. (50)
where h(7) = §(T, -7) and t = T,-1.

- This is the matched filter equation with the far most right hand side
revealing a correlator implementation, which is obtained by a change of
variables as indicated. The matched filter proof for h(r)=S,(T, —) is
provided in sub-section 8.4 below. Note that the correlator form of the
matched filter is exactly a statement of the desired signal energy. Therefore a .
matched filter/correlator accomplishes acquisition of all the energy available
across a finite duration aperture. Such a matched filter/correlator can be
implemented as shown in FIG. 171.

In embodiments, when optimally configured, the example matched -
filter/correlator of FIG. 171 operates in synchronism with the half sine pulse
Si(t) over the aperture T,. Phase skewing and phase roll will occur for clock
frequencies, which are imprecise. Such imprecision can be compensated for
by a carrier recovery loop, such as a Costas Loop. A Costas Loop can develop
the conﬁol for the acquisitioﬁ clock, which also serves as a sub-harmonic
carrier. However, phase skew and non-conherency does not invalidate the
optimal form of the processor provided that the frequency or phase errors are
small, relative to T",. Non-coherent and differentially coherent processors
may extract energy from both I and Q with a complex correlation operation
followed by a rectifier or phase calculator. It has been shown that phase skew
does not alter the optimum SNR processor formulation. The energy which is

not transferred to I is transferred to Q and vice versa when phase skew exists,

PCT/US00/099211
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This is an example processor for a finite duration sample window with finite

gain sampling function, where energy or charge is the desired output.
A matched filter/correlator embodiment according to the present-

invention might be too expensive and complicated to build for some

“applications. In such cases, however, other processes and processors

according to embodiments of the invention can be used. The approximation to

“the matched filter/correlator embodiment shown in FIG. 172 is just one

embodiment that can be used in such instances. The finite time integrator
embodiment of FIG. 172 requires only a switch and an integrator. Sub-section

6 below shows that this embodiment of the present invention has only a

10.91dB difference in SNR compared to the matched filter/correlator

embodiment.

Another very low cost and easy to build embodiment of the present
invention is the RC processor. ’_I“his embodim_ent, shown in FIG. 173, utilizes
a very low cost integrator or capacitor as a memory across the apertui'e. IfCis

suitable chosen for this embodiment, its performance approaches that of the

- matched filter/correlator embodiment, shown in FIG. 171. Notice the

_inclusion of the source impedance, R, along with the switch and capacitor.

This simple embodiment nevertheless can approximate the optimum energy

transfer of the matched filter/correlator embodiment if properly designed. .

When maximum charge is transferred, the voltage across the capacitor
17304 in FIG. 173 is maximized over the aperture period for a specific RC

combination.
Using EQs. (45) and (48) yields:

1 ¢Ta, . |
a=C-2 jo idt EQ. (51)

If it is accepted that an infinite amplitude impulse with zero time duration is

_pot available or practical, due to physical parameters of capacitors like ESR,

inductance and breakdown voltages, as well as currents, then EQ. (51) reveals

 the following important considerations for embodiments of the invention:
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. The transferred charge, q, is influenced by the amount
of time available for transferring the charge;
e - The transferred charge, q, is proportional to the current
available for charging the energy storage device; and
e - Maximization of charge, q, is a function of i;, C,and T,.

- Therefore, it can be shown that for.embodiments:

1 (Ta,
Qax = CVmax = C[E I lcdt:I . (EQ 52)
' 0 max

The impulse response for the RC processing network was found in sub-

section 5.2 below to be;

)= S fule)-u(e-T,)] BQ.(5)

Suppose that T, is constrained to be less than or equal to '/, cycle of the carrier
period. Then, for a; synchronous forcing function, the voltage across a
capacitor is given by EQ. (54).

| ={t-r)

e

Rcd' " EQ.(54
RCT Q. (54

Vo) [_sin(ata)

Maximizing the charge, g, requires maximizing EQ. (37) with respect to t and

B.

FRAD) _ : : |
Y 0 EQ. (55)

It is easier, however,tosetR=1,T,=1,A=1, £, = T_A" and then calculate

-1
g = cV, from the previous equations by recognizing that ¢ = —R— V, =cV,,
which produces a normalized response.
FIG. 174 illustrates that increasing C is preferred in embodiments of
the invention. It can be seen in FIG. 174 that as C increases (i.c., as8
decreases) the charge transfer also increases. This is what is to be expected

based on the optimum SNR solution. Hence, for embodiments of the present
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invention, an optimal SNR: design results in optimal charge transfer. As Cis
increased, bandwidth con‘sidérations should be taken into account.

In embodiments, EQ. (49) establishes T, as the entire half sine for an

.optimal processor. However, in émbodiments, optimizing jointly for t and B

‘reveals that the RC processor response creates an output across the energy

storage capacitor that peaks for t,,, = .75T,, and B, = 2.6, when the forcing
function to the network is a half sine pulse.

In embodiments, if the capacitor of the RC processor embodiment is
replaced by an ideal integrator then t,,. — Ta-

BT, ~195  EQ.(56)

‘where 8= RC)" -

* For example, for a 2.45 GHz signal and a source impedance of 50€2,

| EQ. (56) above suggests the use of a capacitor of = 2pf. This is the value of

capacitor for the aperture selected, which permits the optimum voltage peak

for a single pilse accumulation, - For practical realization of the present

_invention, the capacitance calculated by EQ. (56) is a minimum capacitance.

SNR is not considered optimized at 8 T, ~ 1.95. As shown earlier, a smaller

B yields better SNR and better charge transfer. In embodiments, as discussed

below, it turns out that chargé can also be optimized if multiplé apertures are

‘used for collecting the charge. _

In embodiments, for the ideal matched filter/correlator approximation,

~ AT, is constant and equivalent for both consideration of optimum SNR and
_optimum charge transfer, and charge is accumulated over many apertures for .

_most practical designs. Consider the following example, § =.25,and T, = 1.

Thus 8 T, =.25. At 2.45 GHz, with R =50, C can be calculated from:

T, o
C> R(25) 216.3pf EQ. (57)

: The charge accumulates over several apertures, and SNR is simultaneously

optimized melding the best of two features of the present invention. Checking
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CVfor BT, ~ 195 vs. BT, =.25 confirms that charge is optimized for the

latter.
5.2 Load Resistor Consideration

The general forms of the differential equation and transfer function,
described above, for embodiments of the present invention are the same as for
a case involving a load resistor, R}, applied across capacitor, C. FIG. 175A
illustrates an example RC processor embodiment 17502 of the present
10 invention having a load resiétance 17504 across a capacitance 17506. -
Consider RC processing embodiment 17502 (without initial
conditions).

EQ. (33) becomes:

. l_e—sTA 1 . :
 Hl)= s (sCR+k) ' EQ.G8)

15 o k=(%x,+l) | EQ.(59).

_tk

h(t)= e RC

| w®)-¢-Ta)l ~ EQ.(60)

It should be clear that R, 17504,and therefore k, accelerate the exponential
decay cycle.

k(t r)

V(1) = J sin(nf, 7). & EQ. (61)

kt
20 Volt)= [kz o )2)[k-sin(zzfAt)—ﬂfARC-cos(ﬂfAt)+RCe RC| 0<t<T,
A C

EQ.(62)
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This result is valid only over the acquisition aperture. After the switch

~ is opened, the final voltage that occurred at the sampling instance t=T,

becomes an initial condition for a discharge cycle across R; 17504. The

‘discharge cycle possesses the following response:

Vp = S u(t-T,) (single event discharge)

EQ. (63)
V, is defined as V,, (t=T,). Of course, if the capacitor 17506 does not

completely discharge, there is an initial condition présent for the next

‘acquisition cycle.

FIG. 175B illustrates an example implementation of the invention,

‘modeled as a switch S, a capacitor Cs, and a load resistance R. FIG. 175D -
illustrates example energy transfer pulses, having apertures A, for controlling
the switch S. FIG. 175C illustrates an example charge/discharge timing

diagram for the capacitor Cq, where the capacitor Cg charges during the

apertures A, and discharge between the apertures A.

Equations 63.1 through 63.15 derive a relationship between the

__capacitance of the capacitor Cg (CS(R)),'th'_e resistance of the resistor R, the -
‘duration of the aperture A (aperture width), and the frequency of the energy
transfer pulses (freq LO). Equation 63.11 illustrates that optimum energy :
transfer occurs when x = 0.841. Based on the disclosure herein, one skilled in

_‘the relevant art(s) will realize that values other that 0.841 can be utilized.

p=LflprR) EQ. (63.1)
8, o1 . |
> ¢= 5[—5 j i) + Rz(t)] EQ. (63.2)
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¢ = i) , Raile) | o EQ. (63.3)
, o .
¢=—1-+R-s EQ. (63.4)
C,
5 =1 by definition: iy, (f)= St EQ. (63.5)
§ ==, efinition: i,,{¢)=—"— . (63.
TSRV St R
V,. init
i) = ( i ] () EQ. (63.6)
{
t)=R-it)=V,. init- : EQ. (63.7
V(= Rel)= Ve 2] Q.37
10 |
Maximum power transfer occurs when:
| 1
Power _Final = — - Peak _ Power ' EQ. (63.8
_ 7 -~ Q. (63.8)
- (Vc Peak)z
. Power_Peak=——’-r EQ. (63.9)
15 _
(x-V(_. peak)z -
Power _ Final =——’R—'— EQ. (63:10)
x-V,. peak eak
eV peak] (e peckf 1 yields x = 0.841 EQ. (63.11)

R R Ji

- 20 Let V. init = 1, then V_,(t) =0.841 when
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== —— Aperture_Widih. - EQ@®31)
req Q-6
[ frc(,[l.() -Apcrlurc_Widlh]
: ] |
0841=1-¢ EQ. (63.13)
) ! 7 0 ~ Aperture _Width . o
5 In(0.841)=| ¢4 BQ. (63.14)
C. R
F lw — Aperture_Width
req .
C.\R)= EQ. (63.15
&) “n(0.841)- R Q- (63.15)
10 6. Signal-To-Noise Ratio Comparfsan of the Various Embodiments

The i)rior sub-sections described the basic SNR definition and the SNR
of an optimal métched filter/correlator processor accdrding to embodiments of -
‘the present invention, This sub-section section describes the SNR of |
15 additional processor embodiments of the present invention and compares their
SNR with the SNR of a optimal matched filter/correlator embodiment. The
description in this sub-section is based on calculations relating to single
‘apertures and not accumulations of multiple aperture averages. Since SNR is a
relative metric, this method is useful for comparing different erhbodiments of
20 the present invention.
EQ. (65), which can be obtained from EQ. (64), represents the output
'SNR for a single aperture embodiment assumihg a constant envelope sine

wave input. The results could modify according to the auto-correlation
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function of the input process, however, over a single carrier half cycle, this

~ relationship is exact.

SNR,,, A 7v1— [sit,-7) ar EQ. (64)
0

2

SNR,, A Z”; (single aperture case) EQ. (65)

opl —
0

The description that follows illustrates the SNR fdr three processor
embodiments of the present invention for a given input waveform. These
embodiments are:

¢ An Example Optimal Matched Filter/Correlator Processor

Embodiment; |
e AnExample Finite Time Integrator processor Embodiment; and

¢ An Example RC Processor Embodiment

The relative value of the SNR o.f these three embodiments is accurate for
purposes of comparing the embodiments. The absolute SNR may be adjusted
according to the statistic and modulation of the input process and its complex
envelope.

Consider an example finite time integrator processor, such as the one
illustrated in FIG. 164B. The impulse response of the finite time integrator
processor is given by EQ. (66): |

W)=k, 0<t<T, | EQ. (66)
where k is defnied' as an arbitrary constant.

The output of the finite time integrator processor, y(t') , is found from the input,.

x(r), using:
y()= j’, x{u) du EQ. (67)
A change of variables yields EQ. (68): - |

We-7)= [, x0v) av EQ. (68)
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' The output auto correlation then becomes that shown in EQ. (69):

R@)= [, auf Ru-v)av EQ. (69)
which leads to: | |
R.(u=v)=— [ 5,(0) ¢**do * EQ. (70)
27
S This Fourier transform may be substituted into the expression for

'R, (), in EQ. (71), which becomes:

R (r)——— [ 5.} j' 5™ du j’ e dv EQ. (71)
1 ol l—e'f“”'* e—.iw(r—r)(l_e—.imv:.)
Ry(r)=2—ﬂ- _Eo S, (w{ o :I[ i ] dw
EQ.(72)
0 | 5, (0)=5,(2) 5 2L/2 EQ. (73)

(wr2y
S, (w) is the power spectral density at the output of the example finite time -
integrator, whose integration aperture is T, and whose input power spectrum is

.deﬂned by S,(@). For the case of wide band noise:

N sin’ @T, /2
S =—t— 4 EQ. (74
15 The total noise power across the band can be found from EQ. (75): - -

_ sin (a)T /2)
[N S”,(w)dq o f i do=T,N, EQ. (75)

“This result can be verified by EQ. (76):
=N, [ #(z) dr | EQ. (76)
The signal power over a single. aperture is obtained by EQ (77): '
| | N2 W2 Z
20 | Wiy = (2/1 [ sm(a)t)dt) - EQ. (77)

Choosing A = 1, the finite time integrator output SNR becomes:
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: - 4T, - '

SNR, = —4— EQ. (78

SV =27y Q. (78)
An example RC filter can also be used to model an embodiment of the

present invention. The mean squared output of a linear system may be found

from EQ. (79):

5 o ¥? = [dz, [ R,(c, -7, (e, Julz,) d, EQ. (79)

For the case of input AWGN:
R,(r)=Nslc) EQ. (80)
r’= ND__[”dTl 55(72 i .)h(TI Wz,) dr, | EQ. (81)
Y2 =N, [ () dr EQ. (82)

10 This leads to the result in EQ. (83): _
y f1-eT )
H(s)-—LEC ( , ] EQ. (83)
s+ AC §

R is the resistor associated with processor source, and C is the energy.

storage capacitor.

Therefore;
15 - h(t)= Rl—Cé “the (u(:); u(t-T,)) EQ. (84)
And finally: |
2 _ _ivo_ - “(2""7%c:) ' :
Vi=oo (1 e J EQ. (85)

The detailed derivation for the signal voltage at the output to the RC

filter is provided in sub-section 5 above. The use of the B parameter is also

20 . described in sub-section 5. Hence, the SNR,. is given by:
2
SNR,. =M T,=1 A=1 EQ. (86)
BN, '

Illustrative SNR performance values of the three example processor

embodiments of the present invention are summarized in the table below:
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[Example Matched Filter =~ Performance Rel ative to the Performance of an

" Optimal Matched Filter Embodiment -

SNR,, = % ~ 0dB
. 0 ’

Example Integrator Approximate

4T,

5 -91dB
z°N,

| SNRyy =

Example RC Approximate (3 example cases for reference)

2
SNR;c = Volt) -2 = 2142 -3.7dB,atT,=1, pfB=26
BN, _ _

0 0

SNR,. =507 -12dB, at T, =.75, B =2.6
RC N
(1}
SNR,. = "1‘35 -91dBatT,=1, B<.25
0

Notice that as the capacitor becomes larger, the RC processor behaves
like a finite time integrator and approximates its performance. As described
above in sub-section 5, with a S of 0.25, a carrier signal of 2450 MHz, and R .
= 509, the value for C becomes C 2 16.3pf . '

FIG. 176 illustrates the output voltage waveforms for all three
processor embodiments. (Note that two curves are shown for the RC
correlator processor, §= 2.6 and $=0.25). FIG. 177A illustrates the relative
SNR’s over the aperture. | -

6.2  Carrier Offset and Phase Skew Characteristics of

Embodiments of the Present Invention



10

15

20

25

WO 00/64042 PCT/US00/09911

- 283 -

FIG. 177B illustrates some basic matched filter waveforms that are
common to some communications applications. The first waveform 17750 is
a baseband rect function. Since this waveform is symmetric it is easy to

visualize the time reversed waveform corresponding to the ideal matched filter

impulse response, A(t), which is also a rect function:
fH K
h(e)* S, (=) |S, (- o)h(e)ar EQ. (86.1)

The second waveform 17760 illustrates the same rect fuhction 'em)elope at
passband (RF) and it’s matched filter impulse response. Notice the sine
function phase reversal corresponding to the fequired time axis flip. FIG.
177C shows a waveform 17770. Waveform 17770 is a single half sine pulse
whose time reversed representétion is identical. This last impulse response
would be optimal but as pointed out earlier may be difficult to implement

exactly. Fortunately, an exact replica is not required.

FIG. 177D illustrates some exemplary approaches for a complex
matched filter/correlator processor applied to a variety of waveforms. As
shown in FIG. 177D, approaches 17780 and 17785 are c]as.sical ways to
producing a complex matched filter/correlator processor. FIG. 177E shows
approach 17790. Approach 17790 shows one embodiment of a cofnplex
matched filter/correlator procéssor implemented with the UFT as the
processor. The only difference in the UFT approach 17790 is the duration of
the pulse envelope. The fact fhat the gating pulse is small compared to other
applications for a correlator is of little consequence to the complex baseband
processor. When there is no phase skew then all of the correlated energy is
transferred to the I output. When there is é phase skew then a portioh of the
aliased down converted energy is transferred to the [ outpuf and the remainder
to the Q. All of the c_orreléted energy is still available, in its optimally filtered

form, for final processing in the BB processor.
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‘The fact'that a non-coherent processor is used or a differentially -
coherent BB processor used in lieu of a coherent Costas Loop in no way -
diminishes the contribution of the UFT correlator effect obtained by selecting

the optimal aperture 74 based on matched filter theory.

Consider FIG. 177E which illustrates an aperture with a phase shiﬂéd _

sine function. In addition, a derivation is provided which indicates that the

aperture with phase skew, as referenced to the half sine function, can be
represented by the fundamental correlator kernel multiplied by a constant.
This provides insight into the interesting SNR properties of the UFT which are

based on matched filter pri'nciples over the aperture regardless of phaée skew

¢.

Moreover, Section IV, part 5.1 above illustrates that a complex UFT

downconverter which utilizes a bandpass filter actually resembles the optimal
matched filter/correlator kernel in complex form with the in phase result
‘scaled by cos¢ and the quadrature phase component scaled by sing. This

‘process preserves all the energy of the downconverter signal envelope (minus -

system loses) with a part of the energy in I and the remainder in Q.

YA M. ultipie Apérture Embodiments of the Present Invention

The above sub-sections describe single aperture embodiments of the

present invention. That is, the above sub-sections describe the acquisition of
‘'single half sine waves according to embodiments of the invention. Other
‘'embodiments of the present invention are also possible, however, and the

‘present invention can be extended to other waveform partitions that capture |

multiple half sine waves. For example, capturing two half sine waves provides

twice the ehergy compared to capturing only a single half sine. Capturing »
half sines provides » times the energy, et cetera, until sub harmonic éampling

is no longer applicable. The invention is directed to other embodiments as
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well. Of course, the matched filter waveform requires a different correlating
aperture for each new n. This aspect of the present invention is illustrated in
F1GS. 178A and 178B.

In the example of FIG. 178B, the sample aperture window is twice as
long as the examples in the previous sub-sections. The matched filter impulse
response in FIG. 178B is bipolar to accommodate a full sine cycle. The
embodiment of this example can be implemented, for example, with a
rectangular bipolar function (Haar’s Wavelet) gating device.

Fourier transforming the components for the example processor yields

the results shown in FIG. 179 and EQ. (87).

s(f) = > ALT, I—sin(ﬂ(nfs —~Nf,)T,) sin{mf, + Nf, )T, ]5& —nf)

272 | Gt -NE)T,) | (lof, +NET,)
' EQ. (87)

The transform of the periodic, sampled, signal is first given a Fourier series
representation (since the Fourier transform of a power signal does not exist in
strict mathematical sense) and each term in the series is transformed
sequentially to produce the result iliustrated. Notice that outside of the desired
main lobe aperture response that certain harmonics are nulled by the (sinx)/x
response. Even those harmonics, which aré not completely nulled, are reduced
by the side lobe attenuation. Some sub-harmonics and super-harmonics are
eliminated or attenuated by the frequency domain nulls and side lobes of the
bipolar matched filter/correlator processor, whi.ch. is.-a remarkable result.
Theore_ticglly, arbitrary impulse responses may be constructed in the
manner above, particularly if yveighting is applied across the aperture or if
multiple apertures are utilized to create a specific Fourier response. FIR filters
and convolvers may be constructed by .extending the aperture and utilizing the
appropriate weighting factors. Likewise, disjoint or staggered apertures may

be constructed to provide a particular desired impulse response. These

PCT/US00/09911
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apertures can be rearranged and tuned 'on the fly".

FIG. 180 (I/Q Bipolar Aperture for 2.4 — 2.5 GHz 3" Harmbnic Down
Converter Application) and FIG. 181 (Down Converted I/Q Wavefornis -
Slight Carrier Offset) illustrate the results from an actual circuit design and
simulation targeting the 2.4 — 2.5 GHz ISM band and implementing a bipolar
weighted aperture. FIG. 180 illustrates actual gating pulses, which form the
apertures for I-, I+, Q-, and Q+. FIG. 181 illustrates the baseband I and Q -
outputs corresponding to the down converter. In embodiments, the sequence
I-, T+, Q- and Q+ apertures are repeated every three carrier cycles, nominally.

Hence, out of six sine carrier segments, four are captured. ‘Conversion losses

‘well below 10dB are possible with this embodiment of the present invention.

8. Mathematical Transform Describing Embodiments of the Present
Invention

8.1  Overview

The operation of the present invention represents a new signal-

processing paradigm. Embodiments of the invention can be shown to be

related to'particillar Fourier sine and cosine transforms. Hence, the new term
UFT transform is utilized to refer to the pro'cess. As already stated, in | '
Eembodiments of the present invention can be viewed as a matched filter or
correlator operation, which in embodiments is normally applied reéursivé]y to

the carrier signal at a sub-harmonic rate. A system equation may be written to

describe this operation, assuming a rectangular sample aperture and integrators
as operators, as shown in FIG. 182 and EQ. (88). The process ihtegrates
across an acquisition aperture then stores that value, or a significant portion
thereof, to be accumulated with the next aperture. I-Ienée, energy from the -

input is acquired during T4 and held for T, s - T4 until the next acquisition.

PCT/US00/09911
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DAY L [ (ut- nT)- st - (nTy + T,)))- 4, sinat + ., Jat

Hl\-

-y, r ,:),7 " (e~ G- D) - e~ (2= Q- D)+ T,))- 4 00+ . )t
EQ. (88)

where:

T, is the aperture duration; -

T is the sub-harmonic sample period;

k is the total number of collected apertures;

£ is the sample memory depth;

o is the UFT leakage coefficient;

A, is the amplitude weighting on the nth aperture due to modulation,

noise, etc.; and

@, is the phase domain shift of nth aperture due to modulation, noise,

carrier offset, etc.

D, represents the UFT transform applicable to embodiments of the

" invention The first term defines integration over a rectangular segment of the
carrier signal of T4 time duration. & pulses are summed to form a memory of
the recursively applied kernel. The second term in the equation provides for

- the fact that practical implementations possess finite memory. Hence,

embodiments of _-the present invention are permitted to leak after a fashion by
selecting o and £. This phenomena is reflected in the time variant differential i
equation, EQ. (31), derived in sub-section 5. In embodiments, for a perfect |

zero order data hold function, ¢ =0.
8.2  The Kernel for Embodiments of the Invention

The UFT kernel applicable to embodiments of the invention is given
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by EQ. (89): -

B '_ B :Z)'.;f".(u(t)—u(z—T,,))-A.sin(w@)df - EQ-(89)

EQ. 89 accounts for the integration over a single aperture of the carrier signal

with arbitrary phase, ¢, and amplitude, A. Although A4 and ¢ are shown as:-

_constants in this equation, they actually may vary over many (often hundreds

or thousands) of carrier cycles. Actually, $(2) and A(?) may contain the
modulated information of interest at baseband. Nevertheless, over the duration
of a pulse, they may be considered as constant. |

8.3  Waveform Information Extraction

Ever since Nyquist developed general theories concerning waveform

s sampling and information ext:acﬁ'on, researchers and developers have pursued
" optimum sampling techniques and technologies. In recent years, many radio

“architectures have embraced these technologies as a means to an end for ever

more “digital like’ radios. Sub sampling, IF sampling, syncopated sampling,

etc., are all techniques employed for operating on the carrier to extract the:

“information of interest. All of these techniques share a common theory and

common technology theme, i.e., Nyquist’s theory and ideal impulse samplers.
Clearly, Nyquist’s theory is truly ideal, from a theoretical perspective, while .
ideal impulse samplers are pursued but never achieved. :

Consider the method of developing an impulse sample using functions

with shrinking apertures, as illustrated in FIG. 183. The method illustrated in

FIG. 183 utilizes a pulse shape, for example a normalized Gaussian, a

modified sinc, or some other suitable type, and permits the pulse width to
shrink as the peak amplitude_ grows. As the pulse wi.dth shrinks, the area of
the pulse becomes unity. These pulse generation methods are formulated .
using distribution mathematics techniques. Typically, such formulations

require the assumption that causality is violated as is illustrated by the
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precursors in FIG. 183. Hence, such pulses are not practical because they are
non-causal. In addition, since impulse samplers are implemented to store the
sample value at an instantaneous waveform pqint, they typically utilize a
sample and hold approach, which typically. implies the charging of a capacitor.
As would be known to persons skilled in the relevant arts given the discussion
herein, parasitics can present significant charging concerns for such pulses

because of the relationships represented by EQ. (90) and EQ. (91).

%% - % (Charge Differential) EQ. (90)
_ " 2 2 o .
u=[%-dg, =L = Energy) EQ. 91)
c 2c 2

As would be apparent to persons skilled in the relevant arts given the
discussion herein, an arbitrary capacitance, ¢, cannot be charged in an
infinitesimally short time period without an infinite amount of energy. Even
approximations to an ideal impulse therefore can place unrealistic demands on
analog sample acquisition interface circuits in terms of parasitic capacitance
vs. pulse width, amplitude, power source, etc. Therefore, a trade-off is
typically made concerning some portion of the mix.

The job of a sample and hold circuit is to approximate an ideal impulse |
sampler followed by a memory. There are limitations in pracﬁce, however. A
hold cépacitor of significant value must be selected in order to store the
sample without droop between samples. This requires a healthy charging
current and a buffer, which isolates the capaéitor ih between samples, not to
mention a capacitor, which is not ‘leaky,’ and a buffer without input leakage
currents. In general, ideal impulse samplers.are very difficult to approximate
when they must operate on RF waveforms, particularly if.IC implementations
and low power consumption are required. |

" The ideal sample extraction process is mathematically represented in

EQ. (92) by the sifting function.
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Laos(-T5)a—{%) mony

‘where: 224- A Sampie Timé; x(t) A_ Sampied Function; and 5(t) A Irﬁpulsé:

Sample Function.

x(1)= Asin(z + ¢) © EQ.(93)

__ [: Asin(s + ¢)5(: _ T% ) df = Asin(T% . ¢)
=4 cos ¢)f sm(t)5(t - / )dt +4 sm(¢) f cos(t)é(z _T, / )

EQ. (94)
= Acos(¢)siﬁ(T% ) =Acos(p}T, =z EQ.(95)

This represents the sample value acquired by an impulse sampler

‘operating on a carrier signal with arbitrary phase shift ¢ EQ. (95) illustrates |

that the equivalence of representing the output of the sampler operating on a
signal, X(f), without phase shift, ¢, weighted by cosg, and the original
sampled X (t), which does have a phase shift. The additional requirement is

that a time aperture of T, corresponds to 7 radians.

Next, consider th'é UFT kernel:

:b f(u(t) u(t T ))s1n(t+¢)dt

Using trigonometric 1dent1tles ylelds

EQ. (96)

:Z) A Acos(¢)f (@)~ u(e -1, ))sin(r)ar EQ. (97)

‘Now the kernel does not possess a phase term, and it is clear that the aperture

straddles the sine half cycle depictéd in FIG. 184. In EQ. (97),cos¢ isa

weighting factor on the result, which originally illustrated the non-ideal
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alignment of the present invention clock and carrier signal. Trigonometric
identities provide a means of realigning the present invention clock and carrier
signal while accounting for t1'1e output result due to phasé skew.

" Consider the ideal aperture of embodiments of the invention shown in
FIG. 185. Notice that the ideal aperture is illustrated as possessing two equal
Y, aperture components. Hence the UFT kernel for embodiments of the

invention can be rewritten as:

:,Z); A Aco<¢{ E(u(r)~u(7’ % Dsin(t)dt+ .ﬁ.(‘(’ -T% )—u(t _ TA)) sin{f) dt] _

- EQ.(9%)
It should also be apparent to those skilled in the relevant arts given the

discussion herein that the first integral is equivalent to the second, so that;

:_b , = 24 COS(¢) L(u(t )—u(t —T% D sin(t)dt EQ. (99)

As illustrated in FIG. 186, a property relating unit step fuhctions and delta
functions is useful. In FIG. 186, a step function is created by integrating a

delta function. Therefore; -
:Z)_, = 24cos(p) :[ [ s@)ar-[ s (,-__2%) dt.] sin() de

EQ. (100)
Using the principle of integration by parts yields EQ. (101).

:b, = 24 cos(¢)J'_:° coslt) 5 (¢) dr +24 cos(¢)_f; coslt) & (t' —T%) dt
=2Acos¢ L: sin(t')&(t - T% )dt'

=2Acos(g),for T, == EQ. (101)
This is a remarkable result because it reveals the equivalence of the output of
embodiments of the present invention with the result presented earlier for the
arbitrarily phased ideal impulse sampler, derived by time sifting. That is, in

embodiments, the UFT transform calculates the numerical result obtained by



‘WO '00/64042 PCT/US00/09911

-292 -

‘an ideal sampler. It accomplishes this by averaging over a specially -
constructed éﬁértiire. Hence, the impulse sampler value expected at 1. A is
-implicitly derived by the UFT _t_rahsform operating over an interval, 7,. This
leads to the following very important implications for embodiments of the
5 .invention:

e The UFT transform is very easy to construct with existing circuitry
hardware, and it produces the results of an ideal impulse sampler,
indirectly, without requiring an impulse sampler. |

e Various processor embodiments of the present invention reduce the

10 variance of the expected ideal sample, over that obtained by

impulse sampling, due to the averaging proce_ss over the aperture.

8.4  Proof Statement for UFT Complex _Downcorivérter
- Embodiment of the Present Invention

15

The following analysis utilizes concepts of the convolution property
for the sampling waveform and properties of the Fourier transform to analyze
the complex clock waveform for the UFT as well as the down conversion

correlation process. FIG. 187 illustrates this process.
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In addition r() is considered filtered, by a bandpass filter. In one
exemplary embodiment, sub-optimal correlators approximate the UFT. This
analysis illustrates that some performance is regained when the front-end
bandpass filter is used, such that the derived correlator kernel resembles the
optimal form obtained from matched filter theory. Furthermore, the analysis
illustrates that the arbitrary phase shift of a carrier on which the UFT operates,
does not alter the optimality of the correlator structure which can always be
modeled as a constant times the optimal kernel. This is due to the fact that
UFT is by definition matched to. a pulse shape resembling the carrier half cycle
which permits phase skew to be viewed as carrier offset rather than pulse

shape distortion.

Using the pulse techniques described above, describing pulse trains,

the clock signal for UFT may be ‘written as equation 18802 of FIG. 188.

P, (t)_A_ A basic pulse shape of the clock (gating waveform), in
our case defined to have specific correlation properties matched to the

half sine of the carrier waveform.

T.A Time between recursively applied gating Waveforms.
T,A Width of gating waveform

In FIG. 188, C,(¢) in equation 18804 and C'Q (t) in equation 18806 are

considered to be complex clocks shifted in phase by I %. The received

carrier is related to T4 by f, = (2T,, )~l
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‘Although the approximation is used, ideal carrier tracking for coherent
- demodulation will yield an equal sign after lock. However, this is not required
to attain the excellent benefit from UFT processing. ‘Other sections here@n '
provide embodiments that develop expressions for C7and Co from Fourier
series analysis to illustrate the components of the gating waveforms at the - -

Carrier frequency which are harmonically related to 7.

By the methods described above, the Fourier transform of the clock 1s

found from:

AGE {Zcf(t mT, )}P e EQ. (102)

M=—n

c(= 5 LML) 5 0y)  Ea.aon

Cp possesses the same magnitude response of course but is delayed or

shifted in phase and therefore may be written as:
Colr)=C,(f)e"" EQ. (104)
 When T4 corresponds to a half sine width then the above phase shift

_ related to a % radians phase skew for Cg relative toC 7.

In one exemplary embodiment, consider then the complex UFT

processor operating on a shifted carrier for a single recursion only,

5.0)= [ H0C, Qe+ [ 2 0 Q. 105.1)

Sot)= [ (4sin(at + )+ n(e))C, ()t +
;// (4sin(ot +8)+ ne)C, ()

EQ. (105.2)
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This analysis assumes that »(2), the input carrier plus noise, is band
limited by a filter. In this case therefore the delta function comb evident in the
transform of Cyand C are ignored except for the components at the carrier.
Embodiments in other sections break Cyand Cg into a Fourier series. In this

5 series, only the harmonic of interest would be retained when the input
waveform r(?) is bandpass limited because all other cross correlations tend to

zero. Hence,

So(e1K [ (4sin(or + 4)+ n{e))sin(or)d: +

o EQ. (105.3)
K f ” (4sin(wt + ¢)+ n(t))cos(wt)dt .

S,k f" (4sin(@t)cos ¢ + cos(wt )sin ¢ + n(t))sin(wt )dr +
K f:/:é (Asin(wt)cos @ + cos(at )sin @ + n(¢))cos(wt )dt |

EQ. (105.4)

The clock waveforms have been replaced by the single sine and cosine
components from the Fourier transform and Fourier series, which produce the
desired result due to the fact that a front-end filter filters all other spectral .
15 components. This produces a myriad of cross correlations for the complex

UFT processor. K is included as a scaling factor evident in the transform.

optimal correlator
[P

S,(t)= KAcos¢ f’ (sin(a;t).)z dt +

oplimal correlator

K f;' n(t)sin wtdt +KAsin ¢ f;% (cos(awt))’ dt + K f;% n(t)cos cordt

" EQ. (106.1)
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S0 () =( K;” c6$¢ + 'r'i,) I compbnéﬁf | EQ.(1 062)
- +(K;”sin¢+ﬁQ] O component | EQ. (106.2.1)
r sin(mt -TAJ

where K =| 4 ——2 EQ. (106.3)

T, ( T,) '
nr—= :

T,

A and ¢ are the original components of the complex modulation

5 envelope (amplitude and phase) for the carrier and are assumed to vary
‘imperceptibly over the duration for T4. What is very interesting to note is that
the above equations are exactly the optimum form for the complex correlator .
‘whose pulse shape is a half sine with componenfs weighted by cosine forl; ..
:and sine for Q. Furthermore, when an input bandp_éss filter is considered as a

10 part of the system then the approximate kernels used throughout various

analyses based on the gating function become replacéd by the ideal métched_.
filter analogy. Hence, the approximation in CMOS using rectangular gating ...
functions, which are known to cause only a 0.91 dB hit in performance if C is
selected correctly, probably can be considered pessimistic if the receiver front

15 ‘end is filtered.

8.5  Acquisition and Hold Processor Embodiment

As illustrated in FIG. 189, embodiments of the present invention can
20 ‘be approximately modeled as a particular case of a sampling system. In the

‘example model in FIG. 189, both an acquisition phase and a hold phase for
each T, cycle is shown, where:

rH)A Input Waveform RF Modulated Carrier Plus Noise
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c,(t)a Present Invention Aperture Waveform Pulse Train
oy (t)_A_ Holding Phase Impulse Train
h()a  Integrator Impulse Response of the present Invention
h,,(t)é Z0DH Portion of Present Invention Inipulse Response

The embodiment in FIG. 189 consists of a gating device followed by a
finite time integrator, then an ideal sampler, and finally a holding filter, which
accumulates and stores the energy from the aéquisition phase. This is called"

an acquisition and hold processor. The acquisition phase of the operation is

described by:
XO)=C, (e rl)*n ) EQ. (107)
X()= 3@l k)~ ult - (T, + T, A4, Ginlo,t +4,))* 1, ()
‘EQ. (108)
The ultimate output includes the hold phase of the operation and is written as:
S3(0)=(x ()5, ()* 1, () - EQ.(109)
S(0)= é: (X @), (0~ KT ))* ule - (T, + T, ))~ule - (R +1)T.)
EQ. (110)
T=T-T, EQ. (111)

This embodiment considers the aperture operation as implemented with an
ideal integrator and the hold operation as implemented with the ideal
integrator. As shown elsewhere herein, this can be approximated by energy
storage in a capacitor under certain circumstances.

The acquisition portion of the operation possesses a Fourier transform

given by:
Finite Time Imegracor .
Ha Sifter - ~ ~
S 1 T - 12 SINN@T, /2
10)=5, 00 § bt (o ML) g,
k=0 * wly Original Information Spectrm Chopped by C(r)

S,(@)=S{r(1)} (Modulated Information Spectrum)

PCT/US00/09911
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S,(®) can be found in a similar manner.

ZOI)H Re sponse -

Harmonic Sﬁcrl' —
st5,0)= 3 5250 ka) (Tem ——S‘“‘ii’f’) X(o)

T=T,-T,

The example of FIG. 190 illustrates the various components of the

above transform supetimposed on the same graph, for a down conversion case,

where T is chosen as a single aperture realization and the 3" sub harmonic is

used for down conversion. The analysis does not consider the affect of noise,

“although, it is straightforward to accompl_ish, particularly in the case of

AWGN. The lowpass spectrum possesses nulls at nf,, n=0, £I, £2,...,

where f, =(T,-T,)". This ZODH spectral response is also pfesent at each

‘harmonic of £,, although it is not indicated by the graphic.

The acquisition portion of _thé Fourier transform yields the following

" sin a)T
X( )_KTT‘ k;a(w kao,) e{"’"/ (T//)

‘an important insight:

- S; (a’)c

EQ. (1 12)

smE:E(T//)D (lo-o,)+ se+o.))

S, (@), = AT

EQ. (113)
As should be apparent to persons skjilléd in the relevant arts given the

discussion herein, down conversion occurs whenever ko, =@, . It is useful to

find T4, which maximizes the component of the spectrum at @, , which is

subject to down conversion and is the desired signal. This is accomplished

-simply by examining the kernel.

PCT/US00/09911
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T sin('w(T % ))l '
XA — EQ. (114
_ 5
Foro=w,,

, nT, =T, for Harmonic Conversion

}?=—Lsin(7zZ¢] | EQ. (115)

nrw T,

: - Ty _ 1/ 3/ 5
The kernel is maximized for values of —i— A, A, / oo

Advocates of impulse samplers might be quick to point out that letting
T, — 0 maximizes the sinc funétion. This is true, but the sinc function is
multiplied by T4 in the acquisition phase. Hence, a delta function that does
not have infinite amplitude will not acquire any energy during the acquisition
phase of the sampler process. It must poésess infinite amplitude to cancel the
effect of 7, — 0 so that the multiplier of the sinc function possesses unity
weighting. Clearly, this is not possible for ];'oractical circuits.

| On the other hand, embodiments of the present invention with
T . .
F:— = %, %’ y ,---etc., does pass significant calculable energy during the

acquisition phase. This energy is directly used to drive the energy storage

element of ZODH filter or other interpolation filter, resulting in practical RF
impedance circuits. The cases for % other than % can be represehted by

multiple correlators, for example, operating on multiple half sine basis.
Moreover, it has been shown that the specific gating aperture, C(t},

does not destroy the information. Quite the contrary, the aperture design for

PCT/US00/09911
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embodiments of the present invention produces the result of the impulsé
sampler, scaled by a gain constant, and possessing less variance. Hence, the

delta sifting criteria, above trigonometric optimization, and correlator

| principles all point to an aperture of %— -1 nominal.

4

If other impulse responses are added around the present invention (i.e.,

energy storage networks, matching networks, etc.) or if the presént invention is

implemented by simple circuits (such as the RC processor) then'in

embodiments the optimél aperture can be adjusted slightly to reflect the

‘peaking of these other embodiments. It is also of interest to note that the

Fourier analysis above predicts greater DC offsets for increasing ratios of F" .

¢

A

- Therefore, for various embodiments, ;— = ?]2- is probably.the best design

4

_parameter for a low DC offset system.

9. Comparison of the UFT Trahsform to the Fourier Sine and Cosine

Transforms B

The sine and cosine transforms_ are deﬁned as follOws:

F.(0)A f f(¢)sin | at df @ 20 (sine transform)  EQ. (116)

- Ff,(a))é . f f (It)cos otdt o220 (cdsine transform) EQ. (117)

'Notice that when f(¢) is defined by EQ. (118):

FO)=ult)-ulu-T1,) . EQ (118)

the UFT transform kernel appears as a sine or cosine transform depending on

¢ . Hence, many of the Fourier sine and cosine transform properties may be

‘used in conjunction with embodiments of the present invention to solve signal

.processing problems.

The following sine and cosine transform properties predict the
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following results of embodiments of the invention:
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Sine and Cosine Transform Property Prediction of Embodiments of the
Invention

FrequenC}; Shjf‘t Property Modul_ation and Demodulation while
_ 1 | Preserving Information |

Time Shift Property Aperture Values Equivalent to

' Constant Time Delta Time Sift.
| Frequency Scale Property o Frequency Division and
| Multiplication

- Of course many other properties are applicable as well. The subtle point

presented here is that for embodiments the UFT transform does in fact

implement the transform, and therefore inherently possesses these properties.

Consider the following specific example: let f1 (t)=ult)-u(t-T,) and |

 leto =27 =af, =1.

_ Sc[f(t)]= [ _cos(w}) dt =i sinwT, =0 EQ. (119)

1 1
3, =——— =2 EQ. (12
3.l 0)=—-— cosal, Q. (120)
This is precisely the result for D ,, and D ,,. Time shifting yields:
3,17+ 1)+ £,(-T.)= 2F,(@)cos(T,0) (Time  Shift

‘Property)

Let the time shift to be denoted by T,.

1)=ul)-ute-7,) BQ. (121
£6) & Sl +T)-ul) 260 -u-1.) - EQ.02)

Notice that f,(z) has been formed due to the single sided nature of the sine

‘and cosine transforms. Nevertheless, the amplitude is adjusted by yz to

accommodate the fact that the energy must be normalized to reflect the odd

o’
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function extension. Then finally:

s.v[ﬁ,(t'+rv)+ﬁ(r—r‘.)]=%Ev(¢)éos(fvw)=2°°5(”%)

EQ. (123)
which is the same solution for phase offset obtained earlier by other means.
The implications of this transform may be far reaching when it is
considered that the discrete Fourier sine and cosine transforms are originally

based on the continuous transforms as follows:

3, {f (O} = [ f)cosar ar EQ. (124)
2 N
{10} & ()= X e, cos(i";’f,—’f) fln) EQ.(125)
m=0
‘That is, the original kernel cos{at) and function f(t) are sampled such that: -
fln) A Sampled Version of f(t)
wll’ = 2”"'Af
t, = nAt
AfA Frequency Sample Interval
AtA Time Sample Interval

Hence the new discrete cosine transform kernel is:
k,(m,n)= cqs(ann AfAt)= cos(zmn/n) AfAL = % N.
| EQ. (126)
N is the total number of accumulated samples for m, n, or the total record_
length. | _

In recent years, the discrete cosine transform (DCT) and discrete sine
transform (DST) have gained much recognition due to their efficiency for
waveform coding compression, spectrum analysis, etc. In fact, it can be
shown that these transforms can approach the efficiency of Karhunen-Loeve
transforms (KLT), with minimal computational complexity. The implication

is that the sifted values from D, could be used as DCT sample values fln).

PCT/US00/09911
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Then the DCT and DST properties will apply along with their processing

architectures. In this manner, communications signals, like OFDM, could be

demodulated in a computationally efficient manner. Many other signal
processing applications are possible using the present invention, and the

possibilities are rich and varied.

10.  Conversion, Fourier Transform, and Sampling Clock Considerations

The previous sub-sections described how embodiments of the present

invention involve gating functions of controlled duration over which

integration can occur. This section now addresses some consideration for the
controlling waveform of the gating functions.
For sub harmonic sampling:
f,=f./M
fsg Sample Rate
£, 4 Carrier Frequency

M4 As an integer such that 0 <M <o

'Tl.le case M=1 represents a classic down conversion scenario sincef, =f_. In
é'general though, M will vary from 3 to 10 for most practical applications. Thus
:the matched filtering opgration of embodiments of the present invention is
%applie_d successively at a rate, f,, using the approach of embodiments of the
fpresent invention. Each _matchéd _ﬁl_ter/corxélator operation represents a new

sample of the bandpass waveform.

The subsequent equations illustrate the sampling concept, with an
analysis base on approximations that ignore some circuit phenomena. A more

rigorous analysis requires explicit transformation of the circuit impulse

‘response. This problem can be solved by convolving in the time domain as
well, as will be apparent to persons skilled in the relevant arts given the

discussion herein. The results will be the same. The analysis presented herein
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is an abbreviated version of one providéd-aboVe. "As in the subsection 8, the
acquisition portion of the present invention response is analyzed separately
from the hold portion of the response to provide some insight into each. The

following sub-section uses a shorthand notation for convenience.

X,0)=5,() i C( - &T,) (approximate output of acquisition)

ko—co
BQ.(127)
X, (t)é Output of Sample
stla Waveform being Sampled
kd . Séﬁpling Index
T.4 . Sampling Interval =£;’

G(.—#T.) A Quasi-Matched Filter/Correlator Sampling Aperture, which
includes averaging over the Aperture.

EQ. (127) can be rewritten a:

X,0)= 3 5,(k1,) *E(t-41,) EQ. (128)

k==
IfC (t) possesses a very small aperture with respect to the inverse information
bandwidth, T, << BW,"' then the sampling aperture will weight the

frequency domain harmonics of f,. The Fourier transform aﬁd the modulation
property may be applied to EQ. (128) to obtain EQ. (129) (note this problem

was solved above by convolving in the time domain). |

X, (w) = (S,. (), &(a))) | EQ. (129)

K& T, e sin(wT, /2)
X @)z=> 6 (@-ke,) -2 4218,
O(w) r“ = :(a) w;{ 2 a)TA /2 ] Sl (w)c

EQ. (130)
KA Arbitrary Gain Constant, which includes a %7; factor

w4 27t

PCT/US00/09911°
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Essentially, on the macroscopic frequency scale, there is a harmonic
sample comb generated, which possesses components at every Nf, for N =

1,2,3...0, with nulls at every Z-f, where f, isdefinedas T;'. FIG. 191

illustrates this fesult.

The thickness of each spike in FIG. 191 illustrates the surrounding
band produced from S,(»). S,(®) is a complex transform including
magnitude and phase, which can be assigned a- vector representation in the
time domain (i.e., I and Q components).. The _xiatural action of embodiments of
the present invention, in the hold portion of the response, acts as a lowpass
filter in the down conversion case, thereby red’uéing the levels of all the
harmonic sidebands. Likewise, the up cbn’verlef utilizes a bandpass matched
filter to extract the desired carrier and re_je‘cf unWanted images.

Notice that éach harmonic including baseband possesses a replica of
S, () which is in fact the original desired signal. (@) is the original
information spectrum and is shown to survive the acquisition response of the
present invention (i.e., independent integration over each aperture)}. Lathi
and many others pointed out that C(w) could be virtually any harmonic
function and that conversion to baseband or passband will result from such
operations on S, (). _

Each discrete harmonic spectrum provides a potential down conversion
source to baseband (at DC). Of course, theoretically, there cannot be a

conversion of Z-f, because of the spectral nulls. FIG. 191 illustrates the
important relationships between f,, f; ’ and thé relative harmonic conversion
efficiency related to the sinc? function harmonic comb weighting, resulting
from a simple rectangular sampling aperture.

It should also be noted that in all practical cases, f, >>2-BW, 80 that

Nyquist criteria are more than satisfied. The lowpass response of-

embodiments of the present invention can be ideally modeled as a zero order
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data hold ﬁlfer, with a finite time integrator impulse response duration of

T =T, —T,. The ultimate output Fourier transform is given by EQ. (131).

S(w) Z X s(w-ko, (T jmmgm_af_/}) (@)

T, 2 T/2

Harmonic Sifter ZODH Response

, Anmiaﬁiam Re sponse

EQ. (131)
The ZODH is a type of lowpass filter or sample interpolator which
provides a memory in between acquisitions. Each acquisition is accomplished
by a correlation over T4, and the result becomes an accumulated initial

condition for the next acquisition.
10.1 Phase Noise Multiplication

Typically, processor embodiments of the present invention sample at a

sub-harmonic rate. Hence the carrier frequency and associated bandpass signal
are down converted by a M -f, harmonic. The harmonic generation operation

can be represented with a complex phasor.

S0 e ""’"*"”)" EQ. (132)

Samp (t) can be rewritten as:
S () = €722 - M) EQ. (133)

¢(t)é Phase Noise on the Conversion Clock
As EQ. (133) indicates, not only is the frequency content of the phasor
multiplied by M but the phase noise is also multiplied by M. This results in an
M-tuple convolution of the phase noise spectrum around the harmonic. The
total phase noise power increase is approximated by EQ. (134).
_ p= A 20 log,,M (Phase Noise) - EQ.(134)
That is, whatever thé phase jitter component, ¢(t), existing on the original

sample clock at M, , it possesses a phase noise floor degraded according to
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EQ. (134).
10.2 AM-PM Conversion and Phase Noise

This section describes what the conversion constant and the output
noise is for AM to PM conversion according to embodiments of the present
invention, considering the noise frequency of the threshold operation. As
illustrated in FIG. 192, suppose that the output of a sine signal source must be
filtered and compared, in order to obtain a suitable clock si gnai. For cases
where ihe equivalent input noise power of the threshold device can be
considered to be much less than the input power source sine wave, a single
zero crossing per cycle of sine wave can be assumed to occur. For such low
noise cases, the threshold operation may be viewed as an AM to PM
conversion device.

The slope at the zero crossings of a pure sine wave, 5{f) = Asinax, can
be calculated. Differentiating s(7) with respect to ¢ yields s(t) = ad cosar .
For & A=0, the zero crossings occur at @f = %, 3% 5%

1 3
'I—ZJTFU Afors ()} - EQ.(135)

These zero crossings represent the points of minimum slope or crests

of the original s(z). The maximum slope is found at the zero crossings of. s(t)

at ot =0, m, 2, . . . etc. Plugging those arguments into s(t) give slopes of:

Slope = ©A, -0A, ®A, -0A . . . etc. The time at which these zero crossings

| 2f f 2f {for s(t

It stands to reason that for the low noise power assumption, which

occur is given by: ot =m, 21, 3n. ..

implies one zero crossing per carrier cycle, the slope at the zero crossing will
be modified randomly if a Gaussian process (n(z) is summed to the signal. Of

courée, if the ch}mge in slope of the signal is detectable, the delta time of the




10

15

20

WO 00/64042 . PCT/US00/09911

-309-

zero crossing is detectable, and hence phase noise is produced.. The addition
of noise to the signal has the effect of moving the signal up and down on the
amplitude axis while maintéining a.iero mean. This can be written more
formally as:

3 s(t)

ot

—wd=forwt= nfy ~ EQ.(136)

If A is replaced by 4-Aa, where Aa represents the noise deviation, then .

one will not always observe a zero crossing at the point of maximum slope

" @A. Sometimes the zero crossing will occur at ®(A-Aa). This leads to the low

noise approximation:

(A - Aa) = wA cos|w(t + )] EQ. (137)
‘A-Aa | _ '
arcos g =tte EQ. (138)

The low noise assumption implies that the low noise power prohibits
the arcos function from transforming the Gaussian pdf of the noise. That is,
+ Aa occurs over minute ranges for the argument of the arcos and hence the
relationship is essentially linear. Secondly, since A is a peak deviation in the
sine wave Aa‘will be conSidered as a peak deviatien of the additive noise -

process. This is tradrtronally accepted as berng 40 where ois the standard

deviation. of the process and o is the varrance Therefore we write K

. arcos (- 4o- /A)=tte,wheree represents a peak time deviation in the zero

crossing excursion, K = %) , and ¢ is the mean zero crossing time given
previously as: t = %f %x % f ... If only the deviation contribution to the

above equation is retained, the equation reduces to:

4
Kcos™ (_Ajo_') =g= At | EQ. (139)

: Srnce for 40/ A <<.01, the above function is quasi-linear, one can write the
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final ‘approximation as:
| - 40 . - 4o - : '
K—=At=— .
| y .At oA seconds (peak) N -.EQ (140)

An appropriate conversion to degrees becomes,

4 _
360" f, = 4‘2 : EQ. (141)

» A

<

Jfc = frequency of carrier
- o, = phase noise in degrees rms

o = standard deviation of equivalent input comparator noise

(360)0' '
SO, = d )
o, A egrees rms EQ. (142)

X

573 - radians rms = o,
0',:2 = variance or power in dBc
Now a typical threshold operator may have a hoise ﬁguré, NF ,'of
;approxir'nately 15 dB. Hence, one can calculate o, (assume |
| o,’ =2.4x10"rad” source phase noise):

—174dBm/ Hz +15+10log,, 100x10° = -79dBm  EQ. (143)

where 100 MHz_of input bandwidth is assumed.
antilog—7.9 = 126x107 milliwatts = 126x10 " watts  EQ. (144)
o=V1.26x10"" =3.55x10°  EQ.(145)

- (360)355x10°°
T 24(0)

o, =5.92x] 07%rad rms

~339x10™* degrees rms

c,} =0, +0,’~24x107" +35x10™" =2.4x107"rad®

'0,> = phase noise of source before threshold device

Therefore, the threshold device has little to no impact on the total phase noise

modulation on this particular source because the original source phase noise

PCT/US00/09911
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dominates. A more general result can be obtained for arbitrarily shaped
waveforms (other than simple sine waves) by using a Fourier series expansion
and weighting each component of the series according to the previously

described approximation. For simple waveforms like a triangle pulse, the

‘slope is simply the amplitude divided by the time period so that in the

approximation:
- kdoT,
A,

At EQ. (146)

k; an arbitrary scaling constant
T,; time period for the ramping edge of the triangle

Hence, the ratio of (a% ) is impor’tan"c and should be minimized.

‘As an example, suppose that the triangle pulse rise time is 500 nsec.

~ Furthermore, suppose that the amplitude, AT, is 35 milli volts. Then, with a

15 dB NF, the At becomes:
At =k-4-(3.55x10%)V500nsec _ ~203 ps
.035

o ~203/4 = 50.7 ps (1Q?)
This is all normalized to a 1Q system. " If a 50€2 system were assumed then:
o ~358.5 ps (50Q2)

| In addition, it is straight forward to extend these results to the case of
DC offset added to the inbut of the threshold device along with t_hé sine wave.
Essentially the zero crossing slope is modified due to the virtual phase éhiﬂ of
the input sine function at the threshold. DC oﬁ‘sét will increase the phase .
noise comj)onent on the present invention clock, and it could cause significant

degradation for certain link budgets and modulation types.
11, Pqise Accumulation and System Time Constant

11.1  Pulse Accumulation
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Examples and derivations presented in previous sub-sections illustrate
that in embodiments single aperture acquisitions recover energies proportional -

to:
E =" Sz(t)dt AT4 optimum aperture)  EQ. (147)

A, A as the carrier envelope weighting of the nth sample.

In addition, sub-section 8 above, describes a complete UFT transform over
many pulses applicable to embodiments of the invention. The following
description therefore is an abbreviated description used to illustrate a long-
term time constant consideration for the system.

As described elsewhere herein, the sample rate is much greater than the

“information bandwidth of interest for most if not all practxcal applications.

f, >>BW, ' EQ. (148)

Hence, many samples may be accumulated as indicated in previous sub-

sections, provided that the following general rule applies:

L>mw, © EQ.(149)

where £ represents the total number of accumulated samples. EQ. (149)
requires careful consideration of the desired information at baseband, which

must be extracted. For instance, if the baseband waveform consists of sharp

features such as square waves then several harmonics would necessarily be

required to reconstruct the square wave which could require BW; of up to

seven times the square wave rate. In many applications however the base band

waveform has been optimally prefiltered or bandwidth limited apriori (ina

transmitter), thus permitting significant accumulation. In such circumstances,

© £.12-will approach BW, .

This operation is well known in signal processing and historically has
been used to mimic an average. In fact it is a means of averaging scaled by a

gain constant. The following equation relates to EQ. (127).
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ZE ZAT MZT" | EQ. (150)

n={ £=1

Notice that the nth index has been removed from the sample weighting. In
fact, the bandwidth criteria defined in EQ. (149) permits the approximation
because the information is contained by the pulse amplitude. A more accurate
description is given by the complete UFT transform, which does permit
variation in 4. A cannot significantly vary from pulse to pulse over an £ pulse
interval of accumulation, however. If A does vary significantly, £ is not
properly selected. A must be permitted to vary naturally, however, according
to the information envelope at a rate proportional to BW;. This means that £
cannot be permitted to be too great because information would be lost due to
filtering. This shorthand approximation illustrates that there is a long term
system time constant that should be considered in addition to the short- term -
aperture integration interval.

In embodiments, usually the long term time constant is controlled by
the integration capacitor value, the present invention source impedance, the
present invention output impedance, and the load. The detailed models
presented elsewhere herein consider all these affects. The analysis in this
section does not include a leakage term that was presented in previous sub-
sections.

EQs. (149) and (150) can be considered a specification for slew rate.
For instance, suppose that the bandwidth requirement can be specified in terms
of a slew rate as follows:

volts
M Sec

SR =x

EQ. (151)

The number of samples per psec is given by:

£, = £, x1x10™ (£, is derived from the present invention clock rate)

If each sample produces a voltage proportional to A4? Ty 5 then the total

voltage accumulated per microsecond is:

PCT/US00/09911
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2
'V _EAT

psec 2

EQ. (152)

The previous sub-sections illustrates how the present invention output can

accumnulate voltage (proportlonal to energy) to acqulre the information

“modulated onto a carrier. For down conversion, this whole process is akm to.

lowpass filtering, which is consistent with embodiments of the present

invention that utilize a capacitor as a storage device or means for integration.
11.2  Pulse Accumulation by Correlation

The previous sub-sections introduced the idea that in embodiments

information bandwidth is much less than the bandwidth associated with the

_present invention’s impulse response for practical applications.. The concept

of single aperture energy accumulation was used above to describe the central

‘ideas of the present invention. As s_hown in FIG. 193, multiple aperture

accumulation permits baseband waveform reconstruction. FIG. 193 illustrates
the results from simulation of actual circuits according to embodiments of the
present invention implemented with CMOS and passive components.

The staircase output of the example in FIG. 193 follows the complex

Emodulatlon envelope for the mput signal. Sub-section 5 predicts this result via .

the time variant linear differential equation. FIG. 193 illustrates the staircase
accumulation of half sine energy for three apertures based on 3x sampling. As

can be seen in FIG. 193, the leakage between accumulations is very small.
12.  Energy Budget Considerations

Consider the following equation for a window correlator aperture:

Eao=[ A-S, (Mt  EQQS3)

In EQ. (153), the rectangular aperture correlation function is weighted by A.

'For convenience, it is now assumed to be weighted such that:
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Euo= | kd-S,(t)dt = 24 (normalized) EQ. (154)

Since embodiments of the present invention typically operate at a sub-

harmonic rate, not all of the energy is directly available due to the sub-

harmonic samplmg process. For the case of smgle aperture achISltIOH the

energy transferred versus the energy available is given by:

_i= NN - EQ. (155)
| N4 harmonic of operation
The power loss due to harmonic operatlon is:
~ En=10 log,o(2N) ) EQ. (156)

There is an additional loss due to the finite aperture, T,, which induces
(sin x/x) like weighting onto the harmonic of interest. This energy loss is
proportional to:

sin(ANf, T, )

E e :( NET ) (up conversiononly)  EQ. (157)
sTA .

N-f A operating carrier frequency
f, A sampling rate (directly related to the clock rate)
EQ. (157) indicates that the harmonic spectrum attenuates rapidly as N-f,

approaches T, . Of course there is some attenuatlon even if that scenario is
avmded. EQ. (157) also reveals, however, that in embodiments for smgle
aperture operation the conversion loss due to B Will always be near
3.92dB. This is because:
| (2-N£,)" =T, (~3.92dB condition) EQ. (158)

Another way of stating the condition is that T, is always '/, the carrier period.

Consider an ideal implementatien of an embodiment of the present
invention, without any circuit losses, operating on a 5™ harmonic basis.
Without any other considerations, the energy loss through the device is at

minimum:
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‘E, =Ey+ Ejgne = 10dB + 3.92 ~ 14dB (for up conversion)
_ - EQ.(159)
Down conversion does not possess the 3.92dB loss so that the baseline loss for

down conversion is that represented by EQ. (156). Parasitics will also affect "

‘the losses for practical systems. These parasitics must be examined in detail

for the particular technology of interest.
Next suppose that a number of pulses may be accumulated using the
multi-aperture strategy and diversity means of an embodiment of the present

invention, as described above. In this case, some of the energy loss calculated

by EQ. (159) can be regained. For example, if four apertures are used then the
‘pulse energy accumulation gain is 6dB. For the previous example, this results

‘in an overall gain of 6dB — 14dB, or -8dB (instead of ~14dB). This energy

gain is significant and will translate to system level specification

‘improvements in the areas of noise frequency, intercept point, power

consumption, size, etc. It should be recognized, however, that a diversity
system with active split or separate amplifier chains: would use more power

and become more costly. In addition, in embodiments, energy storage

‘networks coupled to the circuitry of the present invention may be used to .

accumulate energy between apertures so that each aperture delivers some -
significant portion of the stored energy from the network. In this manner,
some inefficiencies of the sub harmonic sampling'process can be removed by

trading impedance matching vs. complexity, etc., as further described below.
12,1 Energy Storage Networks

Embodiments of the present invention have been shown to be a type of

‘correlator, which is applied to the carrier on a sub harmonic basis. It is also

been shown herein that certain architectures according to embodiments of the

invention benefit significantly from the addition of passive networks,

particular when coupled to the front end of a processor according to the

PCT/US00/09911
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present invention used as a receiver. - This result can be explained using linear
systems theory.

. To understand this, it is useful to.consider the following,.
Embodiments of the present invention can be modeled as a linear, time-variant
(LTV) device. Therefore, the following concepts apply:

- The LTV circuits can be modeled to have an average

impedance; and

. The LTV circuits can be modeled to have an average power

transfer or gain.

These are powerful concepts because they permit the application of the
maximum bilateral power transfer theorem to embodiments of the present
invention. As a result, in embodiments, energy storage devices/circuits which
fly wheel between apertures to pump up the inter sample power can be viewed
on the many sample basis (long time average) as providing optimum power
transfer through matching properties. The between sample model on the time
microscopic scale is best viewed on a differential equation basis while the time
macroscopic view can utilize simpler analysis techniques such as the
maximum power transfer equations for networks, correlator theory, etc. The
fact that the differential equations can be written for all time unifies the theory
between the short time (between sample) view and long time (many sample
accumulati_on) view. Fortunately, the concepts for information extraction from
the output of the present invention are easily fbrmulated without differential
equation analysis. |

Network theory can be used to explain why certain neiworks according
to the present invention provide optimum power gain. For example, network
theory explains embodiments of the present invention when energy storage
networks or matching networks are utilized to ‘fly wheel’ between apertures,
thereby, on the average, providing a good impedance match: Network theory
does not explain, however, why T4 is optimal. For instance, in some

embodiments, one may deliberately utilize an aperture that is much less than a’
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carrier half cycle.- For such an aperture, there is an optimal matching network

nonetheless. That is, a processor according to an embodiment of the present

_invention utilizing an improper aperture can be optimized, although it will not .

perform as well as a processor according to an embodiment of the present
invention that utilizes an optimal aperture accompanied by an optimal
matching network.

The idea behind selecting an optimal aperture is matched filter theory,

which provides a general guideline for obtaining the best correlation properties

_between the incoming waveform and the selected apei'ture. Any practical

correlator or matched filter is constrained by the same physical laws, however, -

which spawned the maximum power transfer theorems for networks. It does
'not do any good to design the optimum correlator aperture if the device

| possesses extraordinary impedance mismatches with its source and load. The -
. circuit theorems do predict the optimal impedance match while matched filter
_theory does not. The two work hand in hand to permit a practical explanation

- for:

o Why T4 is optimal; and
o  How processors according to embodiments of the present invention
are optimized for performance in practical circuits.

The following sub-section analyzes the present invention on a

~macroscopic scale using the notions of average impedance and power transfer. .

12.2 Impedance Matching

When a processor embodiment according to the present invention is

'off;’ there is one impedance, and when a processor embodiment according to
the present invention is 'on,’ there is another impedance due to the architecture

- of the present invention and its load. In practice, the aperture will affect the

'on' impedance. Hence, on the average, the input impedance looking into the

circuitry of an embodiment of the present invention (i.e., its ports) is modified

PCT/US00/09911
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according to the present invention clock and T,. Impedance matching .
networks must take this into account.

Z., A ~ EQ. (160)

, Iav
EQ. (160) illustrates that the average impedance, #,, , is related to the

voltage, V, divided by the average current flow, I, into a device, for example
a processor according to an embodiment of the present invention. EQ. (160)
indicates that for a processor according to an embodiment of the present
invention the narrower T, and the less frequent a sample is acquired, the
greater Z,, becomes.

" To understand this, consider the fact that a 10™ harmonic system
according to an embodiment of the present invention operates with half as -
many samples as a 5" harmonic sample according to the present invention.
Thus, according to EQ. (160), a 5™ harmonic sample according to an
émbc_:diment of the present invention would typically possess a higher
input/output impedance than that a 10™ harmonic system according to the
present invention. Of course, practical board and circuit parasitics will place
limits on how much the impedance scaling properties of the present invention
processor clock signals control the processor’s overall input/output impedance.

As will be apparent to persons skilled in the relevant arts given the
discussion herein, in embodiments, matching networks should be included at

the ports of a processor according to the present invention to accommodate

#,, , as measured by a typical network anélyzer.
13. Time Domain Analysis
All signals can be represented by vectors in the complex signal plane.

Previous sub-sections derived the result for down converting (or up

converting) S,(t) in the transform domain via S,(®). An1/Q modem
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 embodiment of the present invention, however, was developed using a time

“domain analysis. This time domain analysis is repeated here and provides a

complementary view to the previous sub-sections.

FIG. 194 illustrates an embodiment of the present invention

_implementing a complex down converter architecture. Operation of this

- embodiment is described 'given by:

So(tk);g(s}(‘k)"‘”(tk)) (Clk +C§k) | EQ. (161.1)

“where Sj(tf) is defined as the " sample from the UFT transform such that
- S,(z, ) is filtered over the k" interval, n(¢g) is defined as the noise sample at the

“output of the £" present invention kernel interval such that it has been |
“averaged by the present invention process over the interval, Cj is defined as

the kth in phase gating waveform (the present invention clock), and Coy is

defined as the ¥ quadrature phase gating waveform (the present invention

The ‘goodness’ of S;(¢, ) and #,(t, ) has been shown previously herein

as related to the type of present invention processor used (e.g.., matched

filtering/correlating processor, finite time integrating processor, or RC

processor). Each ¢, instant is the time tick corresponding to the averaging of -

_input waveform energy overa T, (apefiure) duration. It has been assumed that

Cy and C,, are constant envelope and phase'for.the current ér_lalysis,

although in general this is not required. Mény different, interesting processors
“according to embodiments of the present invention can be constructed by

| manipulating' the amplitudes and phases of the present invention clock.

C, and C,, can be expanded as follows:



10

15

WO 00/64042
-321 -
[ T, S T : AY
sin 7:1'-‘— sin 27‘rri " sin3z £
7, L.cos2af L, +—7:'-‘--cos.4rg’,t,, +—n—‘"—-cos 6nf 1,
= = kY4
. TA 7‘.\'. T.r Tx
C; =K=2[1+2
* sin nz =4
T,
+...——T——-cosn-27y;t,
nr -4
L\ T )
EQ. (161.2)
T 4 N
sin 7r-7-'4- sin ZzzL‘-
T, . T, -
~.sin 2af 1, ——————-cosdnf l, —
T, ) T,
T s T
C, =K-2[1+2 * : ¥
Y T T
¥ sin3z £ sin mtT—‘
~.sin6af ¢, . .—"-cos(n-Zzg".t,r +ng)
T, T, ’
3= nr—= _
L \ T\' ’ T.t A

_ EQ. (161.3)
The above treatment is a Fourier series expansion of the present invention
clocks where:

K A Arbitrary Gain Constant

T, & Aperture Time = £

T. A The Present Invention Clock Interval or Sample Time

n A Harmoﬁic Spectrum Harmonic Order

¢ A | As phase shift.anglle usually selected as 90° (%) for orthogonal

signaling

Each term from C), C,, will down convert (or up convert). However, only

the odd terms in the above formulation (for ¢ = % ) will convert in

quadrature. ¢ could be selected otherwise to utilize the even harmonics, but
this is typically not done in practice.

For the case of down conversion, 7(z) can be written as:
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r(t,)=v24(5, (¢, Jeos(m- 21, +©)-5, ;)

sin(m - 27f1, +©)+ nlt )
T EQ.(62)
After applying (C,, C,, ) and lowpass filtering, which in embodiments is

inherent to the present invention process, the down converted components

~become:

So(tk )/ =4S, (tk)+ﬁlk EQ. (163)
Solti )y = 4 St )+ i EQ. (164)

. where:

Sy (tk) A The In phase component of the desired basebénd'signa.l_

Sio ) A The ciuadrature phase comﬁonent of the desired baseband

signal.
n,,n, A In phase and quadrature phase noise samples
m A Is the harmonic of interest equal to one of the ‘»’ numbers, for

perfect carrier synchronization.

Now m and » can be selected such that the down conversion ideally strips the

carrier (mﬂ ) , after lowpass filtering.

If the carrier is not perfectly coherent, a phase shift occurs as described

in previous sub-section. The result presented above would modify to:

S5()=(8,0), + S, ¢),) €” EQ. (165)

_where ¢ is the phase shift. This is the same phase shift affect derived earlier as

' cos¢ in the present invention transform. When there is a slight carrier offset

then ¢ can be written as ¢(t) and the I and Q outputs represent orfhogonal,.

harmonically oscillating vectors super imposed on the desired 'sighal output _

with a beat frequency proportional to:

forw B 1f, xm(f, £ £,)= f.(n~m)+mf, EQ. (166)

~ f» A asaslight frequéncy offset between the carrier and the present

" invention clock

PCT/US00/09911
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This entire analysis could have been accomplished in the frequency
domain as described herein, or it could have been formulated from the present
invention kernel as: . _

So{t)=D ;o (S;(t)+ n(r)) . EQ. (167)
The recursive kernel D 19 is defined in sub-section 8 and the I/Q version is
completed by superposition and phase shifting the quadrature kerne.:l.l

“The previous equation for #(t) could be replaced with:
BB(r)="5, + 5, where f=0and © =7/ and n(t) =0 EQ.(168)
BB(t) could be.up converted by applying C, ,CQ . The desired carrier then is

the appropriate harmonic of C, ,C, whose energy is optimally extracted by a

network matched to the desired carrier.

14.  Complex Passband Waveform Generation Using the Present
Invention Cores

This sub-section introduces the conéept of using a present invention
core to modulate signals at RF according fo embodiments of the invention.
Although many specific modulator architectures are possible, which target
individual signaling schemes such as AM, FM, PM, etc., the example
architecture presented here is a vector signal modulator. Such a modulator can
be used to create virtually every known useful waveform to encompass the
whole of analog and digital communications applications, for "wired" or
"Wireless," at radio frequency or intermediate frequency. In essence, a
receiver process, which utilizes the present invention, may be reversed to
create signals of .interest at passband. Using 1/Q waveforms at baséband, all
points within the two dimensional complex signaling constellation may be
synthesized when cores according to the present inventidn are excited by
6rthogoh£11 sub-harmonic clocks and connected at their outputs with particular

combining networks. A basic architecture that can be used is shown in FIG.
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195.

FIG. 195 depicts one embodiment of a based vector modulator

“according to the present invention. FIG. 195 shows I and Q inputs that can
~accept analog or balanced digital waveforms. By selecting I and Q

“appropriately, AM, FM, BPSK, QPSK, MSK, QAM, OFDM, mult'i-tone, and
"a host of other signals can be synthesized. In this embodiment of the present

invention, the present invention cores are driven differentially on I and Q.

C,.C;,C,.Cp are the in phase and quadrature sub-harmonic clocks,

respectively, with their inverted phases as well. C, and C, can be created in

"quadrature for I Q operation if the output power combiner is a 0° combiner.

On the other hand, C, and C,, can be in phase when a 90° output poWer

. combiner is utilized at RF. This latter architecture can be used whenever the
:srgnalmg bandwidth i is very small with respect to the RF center frequency of
‘the output and small with respect to the 1dB passband response of the

combiner. If one assumes constant values on / and 7, the waveform

diagrams in FIG 196 can be constructed. As indicated in FIG. 195, the power -'

‘combiner and bandpass reconstruction filter are optional components.

In FIG. 196,C, and C, are out of phase by 180° if referenced back to

‘the clock. In this case, clock refers to the sub-harmonic waveform used to

‘generate C, and C,. C, is coincident with the rising edges of clock with a

pulse width of T, while C, is coincident with the falling edges of clock with a
pulse width of 7,. C, and E— activate two of the prcce'ssors eccOrding to the
present invention, as shown in FIG. 195, which are driven by differential

signals. I, is 1llustrated as if the system is ideal wrthout losses parasrtrcs, or
distortions. The time axis for I, may be arranged i in a manner to represent the

waveform as an odd function. For such an arrangement, the Fourier series is

calculated to obtain EQ. (169).



10

15

20

25

WO 00/64042 -PCTF/US00/09911

-325-

(naT,) .(nm
| . 4sm( T )-sm(-;—) onat
Ic(t)'=z : . Sl : .sin[;—] ~ EQ (169)

nw

n={ £

" To illustrate this, if a passband waveform must be created at five times
the frequency of the sub-harmonic clock then a baseline power for that
harmonic extraction can be calculated for » = 5. For the case ofn=23,itis

found that the 5™ harmonic yields:
CLE), = ji(sih(wat)) EQ. (170)
r

This component can be extracted from the Fourier series via a bandpass filter.
centered around f, . This component is a carrier at 5 times the sampling
frequency.

This illustration can be extendéd to show the following:

m(t)-1, (‘)Is:f,) _8 '5’:(’ ) (sin(5m,¢ + 5¢(r))) EQ. (171)

This equation illustrates that a meésage signal may have been superposed on 7
and 7 such that both amplitude and phase are modulated, i.e., m(t) for
amplitude and @(¢) for phase. In such cases, it should be noted thatl #(t) is
augmented modulo # while the amplitude modulation m(t) is scéled. The
point of this illustration s that complex waveforms may be reconstructed frorh
their Fourier series with multi-aperture processor combinations, according to
the present invention.

In a practical system according to an embodiment of the present -
invention, parasitics, filtering, etc., may modify lc(t). In many applications
according to the present invention, charge injection properties of processors
play a significant role. However, if the processors and the clock drive circuits
according to embodiments of the present invention are matched then even the
parasitics can be managed, particularly since unwanted distortions are

removed by the final bandpass filter, which tends to completely reconstruct the
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~waveform at passband.

Like the receiver embodiments of the pré_sent invention, which possess
a lowpass information extraction and energy extraction impulse response,
various transmitter embodiments of the present invention use a network to

create a bandpass; impulse response suitable for energy transfer and waveform

“reconstruction. In embodiments, the simplest reconstruction network is an L-

C tank, which resonates at the desired carrier frequency N- f, = f,.

V.  Additional Embodiments

1. Example I/Q Modulation Receiver Emboditﬁent

"FIG. 197 illustrates an example I/Q modulation receiver 19700,

‘according to an embodiment of the present invention.” 1/Q modulation receiver
19700 comprises a first Processing module 19702, a first optional filter 19704,
‘a second Processing module 19706, a second optional filter 19708, a third
' Processing module 19710, a third optional filter 19712, a fourth Proce'ssing
;module 19714, a fourth filter 19716, an optional LNA 19718,' a first
differential amplifier 19720, a second differential amplifier 19722, and an
‘antenna 19772. | o N

I/Q modulation receiver 19700 receives, down—cdnvefts," and

demodulates a 1/Q modulated RF input signal 19782 to an I baseband output

‘'signal 19784, and a Q baseband output signal 19786. 1/Q modulated RF input

signal comprises a first information signal and a second information signal that -

‘are 1/Q modulated onto an RF carrier signal. I baseband output signal 19784

"comprises the first baseband information signal.. Q baseband output signal

19786 comprises the second baseband information signal.
Antenna 19772 receives [/Q modulated RF input signal 19782. 'I/Q
modulated RF input signal 19782 is output by antenna 19772 and received by
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optional LNA 19718. When present, LNA 19718 amplifies I/Q modulated RF
input signal 19782, and outputs amplified I/Q signal 19788.

First Processing module 19702 receives amplified I/Q signal 19788.
First Processing module. 19702 down-converts the I-phase signal portion of

amplified input 1/Q signal 19788 according to-an I control signal 19790. First

* Processing module 19702 outputs an I output signal 19798.

In an embodiment, first Processing module 19702 comprises a first
storage module 19724, a first UFT module 19726, and a first voltage reference
19728. In an embodiment, a switch contained within first UFT module 19726
opens and closes as a function of I control signal 19790. As a result of the

opening and closing of this switch, which respectively couples-and de-couples

- first storage module 19724 to and from first voltage reference 19728, a down-

converted signal, referred to as I output signal 19798, results. First voltage
reference 19728 may be any reference voltage, and is ground in some
embodiments. T output signal 19798 is stored by first storage module. 19724.
In an embodiment, first storage module 19724 comprises a first
capacitor 19774. In addition to storing 1 output signal 19798, first capacitor

19774 reduces or prevents a DC offset voltage resulting from charge injection

- from appearing on I output signal 19798

I output signal 19798 is received by optional first filter 19704. When
present, first filter 19704 is a high pass filter to at least filter I output signal
19798 to remove any carrier signal "bleed through". In an embodiment, when
present, first filter 19704 comprises a first resistor 19730, a first filter capacitor
19732, and a first filter voltage reference 19734. Preferably, first resistor
19730 is coupled between I output .signa1_19798 and a filtered I output signal
19707, and first filter capacitor 19732 is coupled between filtered 1 output
signal 19707 and first filter voltage reference 19734. Alternately, first filter
19704 may comprise any other applicable filter configuration as would be
understood by persons skilled in the relevant arts. First filter 19704 outputs
filtered I output signal 19707.
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Second Processing module 19706 receives amplified I/Q signal 19788.

“Second Processing module 19706 down-converts the inverted I-phase signal

portion of amplified input I/Q signal 19788 according to an inverted I control
signal 19792. Second Processing module 19706 outputs an inverted I output
signal 19701. '

In an embodiment, second Processing module 19706 comprises a

~second storage module 19736, a second UFT module 19738, and a second

voltage reference 19740. In an embodiment, a switch contained within second
UFT module 19738 opens and closes as a function of inverted I control signal-
19792. As a result of the opening and closing of this switch, which

respectively couples and de-couples second storage module 19736 to and from -

'second voltage reference 19740, a down-converted signal, referred to as’
inverted I output signal 19701, results. Second voltage reference 19740 may
‘be any reference voltage, and is preferably ground. Inverted I output signal

119701 is stored by second storage module 19736. -

In an embodiment, second storage module 19736 comprises a second
capacitor 19776. 1n addition to storing inverted I output signal 19701, second

capacitor 19776 reduces or prevents a DC offset voltage resulting from :above

“described charge injection from appearing on inverted I output signal 19701..

Inverted T -output signal 19701 is received by optional second filter

19708. When preserit, second filter 19708 is a high pass filter to at least filter
-inverted:I output signal 19701 to remove any carrier signal. "bleed through": -

In an embodiment, when present, second filter 19708 comprises a second

resistor 19742, a second filter capacitor 19744, and a second filter voltagé
reference 19746. In an embodiment, second resistor 19742 is coupled between
inverted I output signal 19701 and a filtered inverted I output signal 19709,

and second filter capacitor 19744 is coupled between filtered inverted I output

signal 19709 and second filter voltage reference 19746. Alternately, second -

filter 19708 may comprise any other applicable filter configuration as would
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be understood by persons skilled in the relevant arts. Second filter 19708
outputs filtered inverted I output signal 19709.

First differential amplifier 19720 receives filtered I output signal 19707
at its non-inverting input and receives ﬁl_tered inverted I output signal 19709 at
its inverting input. First differential amplifier 19720 subtracts filtered inverted
1 output signal 19709 from filtered I output signal 19707, amplifies the result,
and outputs I baseband output Signal 19784. Other suitable subtractor

. modules may.be substituted for first differential amplifier 19720, and second

differential amplifier 19722, as would be understood by persons skilled in the
relevant arts from the teachings herein. Because filtered inverted I output -
signal 19709 is substantially equal to an inverted version of filtered I output.
signal 19707, I baseband output signal 19784 is substantially equal to filtered T"
output signal 19709, with: its amplitude doubled. Furthermore, filtered 1
output signal 19707 and filtered inverted I output signal 19709 may comprise
substantially equal noise and DC offset contributions of the same polarity from -
prior down-conversion circuitry, including first Processing module 19702 and
secor!d Processing module 19706, respectively. When first differential
amplifier 19720 subtracts filtered inverted I output signal 19709 from filtered I
output signal 19707, these noise and DC offset contributions substantially
cancel each other. '

- . Third Processing module 19710 receives amplified 1/Q signal 19788.-

Third Processing module 19710 down-converts the Q-phase signal portion of

- amplified input I/Q signal 19788 according to an Q control signal 19794.
- Third Processing module 19710 outputs an Q output signal 19703.

In an embodiment, third. Processing module 19710 comprises a third
storage module 19748, a third UFT module 19750, and a third voltage
reference 19752. In an embodiment, a switch contained within third UFT
module 19750 opens and closes as a function of Q control signal 19794. As a
result of the opening and closing of this switch, which respectively couples

and de-couples third storage module 19748 to and from third voltage reference
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19752, a down-converted-signal, referred to as Q output signal 19703, results.

Third voltage reference 19752 may be any reference voltage, and is preferably

“ground.” Q output signal 19703 is stored by third storage module 19748.

In-an embodiment, third storage module 19748 comprises a third

“capacitor 19778. In addition to storing Q output signal 19703, third capacitor

19778 reduces or prevents a DC offset voltage resulting from above described -

charge injection from appearing on Q output signal 19703.

Q output signal 19703 is received by optional third filter 19716. When
present, third filter 19716 is a high pass filter to at least filter Q output signal
19703 to remove any ‘carrier signal "blegd through". In an embodi.ment, when
present, third filter 19712 comprises a third resistor 19754, a third filter
capacitor 19758, and a third filter voltage reference 19758. In an embodiment, -

third resistor 19754 is coupled between Q output signal 19703 and a filtered Q

‘output ‘signal- 19711, and third filter capacitor 19756 is-coupied- between

filtered Q output signal 19711 and third filter voltage reference 19758.

| ‘Alternately, third filter 19712 may comprise any other applicable filter

“configuration as would be understood by persons skilled in the relevant arts.

Third filter 19712 outputs filtered Q output signal 19711.
Fourth Processing module 19714 receives amplified I/Q signal 19788.

'Fourth Processing module 19714 down-converts the inverted Q-phase signal

portion of amplified input I/Q signal 19788 according to an inverted Q control
signal 19796. Fourth Processing module 19714 outputs an inverted -Q output

_ signal 19705. -

In an embodiment, fourth Processing module 19714 comprises a fourth

:storage module 19760, a fourth UFT module 19762, and a fourth voltage
reference 19764. In an embodiment, a switch contained within fourth UFT
.module 19762 opens and closes as a function of inverted Q control signal
19796. As a result of the opening and closing of this switch, which
:respectively couples and de-couples fourth storage module 19760 to and from™

fourth- voltage reference 19764, a down-converted signal, referred to as

PCT/US00/09911




.10

15

20 .

25

30

WO 00/64042

-331-

inverted Q output signal 19705, results. Fourth voltage reference 19764 may

be any reference voltage, and:is preferably ground. Inverted Q output signal

19705 is stored by fourth storage module 19760.

In an embodiment, fourth storage module 19760 comprises a fourth

capacitor 19780. In addition to storing inverted Q output signal 19705, fourth

- capacitor 19780 reduces or prevents a DC offset voltage resulting from above

described charge injection from appearing on inverted Q output signal 19705.

Inverted Q output signal 19705 is received by optional fourth filter
19716. When present, fourth filter 19716 is a high pass filter to at least filter
inverted Q output signal 19705 to remove any carrier signal "bleed through”.
In an embodiment, when present, fourth filter 19716 comprises a fourth
resistor 19766, a fourth filter capacitor 19768, and a fourth filter voltage
reference 19770. In an embodimnet, fourth resistor 19766 is coupled between
inverted Q output signal 19705 and a filtered inverted Q output signal 19713,
and fourth filter capacitor 19768 is coupled between filtered inverted Q output
signal 19713 and fourth filter voltage reference 19770. Alternately, fourth
filter 19716 may comprise any other applicable filter configuration as would
be understood by persons skilled in the relevant arts.. Fourth filter 19716
outputs filtered inverted Q output signal 19713.

Second differential amp]iﬁer-l9;722 receives filtered Q output signal
19711 at its non-inverting input and receives filtered inverted Q output signal

19713 at its inverting input. Second differential amplifier 19722 subtracts

. filtered inverted Q output signal 19713 from filtered Q output signal 19711,

amplifies the result, and outputs Q baseband output signal 19786. Because
filtered inverted Q output signal 19713 is substantially equal to an inverted
version of filtered Q output signal 19711, Q baseband output signal 19786 is
substantially equal to filtered Q output signal 19713, with its amplitude
doubled. Furthermore, filtered Q output signal 19711 and filtered inverted Q
output signal. 19713 may comprise substantially equal noise and DC offset

contributions of the same polarity from prior down-conversion circuitry,
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including third Processing' module 19710 ’and"fOUﬂh-'-'-Processing module

19714, respectively. When second differential -amplifier 19722 subtracts’

filtered inverted Q output signal 19713 from filtered Q output signal 19711,

these noise and DC offset contributions substantially cancel each other.
2. Example 1/Q Modulation Control Signal Generator Embodiments

- FIG. 198 illustrates an exemplary block diagram for an example I/Q

modulation control signal generator 19800, according to an embodiment of the

present invention. I/Q modulation control signal generator 19800 generates I - -

control signal 19790, inverted I control signal 19792, Q control signal 19794, -
and inverted Q control signal 19796 used by I/Q modulation receiver 19700 of
FIG. 197. T control signal 19790 and inverted I control signal 19792 operate

to down-convert the I-phase portion of an input I/Q modulated RF signal. Q - .

“control signal 19794 and inverted Q control signal 19796:act to down-convert
“the Q-phase portion of the input I/Q modulated RF signal. Furthermore, /Q -
modulation control signal generator 19800 has the advantage of generating RER

control signals in a manner such that resulting collective circuit re-radiation is -

radiated at onie or more frequencies outside of the frequency range of interest. - ©

'For instance, potential circuit re-radiation is radiated at a frequency -

“substantially greater than that of the input RF carrier signal frequency.

.- I/Q modulation control signal generafor 19800 comprises a local
oscillator 19802, a first divide-by-two module '1'9804; a 180 degree phase
shifter 19806, a second divide-by-two module 19808, a first pulse generator
19810, a second pulse generator 19812, a third pulse generator 19814, and a

_fourth pulse generator 19816.

Local oscillator 19802 outputs an oscillating signal 19818." FIG. 199
shows an exemplary oscillating signal 19818.

First divide-by-two module 19804 receives oscillating signal 19818,
divides oscillating signal 19818 by two, and outputs a half frequency LO
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signal 19820 and a half frequency inverted LO signal 19826. FIG. 199 shows
an exemplary half frequency LO signal 19820. Half frequency inverted LO-
signal 19826 is an inverted version of half frequency LO signal 19820. First
divide-by-two module 19804 may be implemented in circuit logic, hardware,
software, or any combination thereof, as would be known by persons skilled in
the relevant arts. . .

- 180 degree phase shifter 19806 receives oscillating signal 19818, shifts
the phase of oscillating signal 19818 by 180 degrees, and outputs phase shifted
LO signal 19822. 180 degree phase shifter 19806 may be implemented in
circuitl logic, hardware, software, or any combination thé_reof-, as would be
known by persons skilled in the relevant arts. In alternative embodiments,
other amounts of phase shift may be used.

~ Second divide-by two module 19808 receives phase shifted LO signal
19822, divides phase. shifted LO signal 19822 by two, and outputs a half

| frequency phase shifted LO signal 19824 and a half frequency inverted phase

shifted LO signal 19828. FIG. 199 shows an exemplary half frequency phase
shifted LO signal 19824. Half frequency inverted phase shifted LO ‘signal
19828 is an inverted version of half frequency phase shifted LO signall19824.
Second divide-by-two module 19808 may be implemented in circuit logic,
hardWare, software, or any combination thereof, as would be known by
persons skilied in the relevant aﬁs.

- First pulse generator 19810 receives half frequency LO signal 19820,
generates an output pulse whenéver a rising edge is received on half frequency
LO signal 19820, and outputs I control signal 19790. FIG. 199 shows an
exemplary I control signal 19790. _

Second pulse generator 19812 receives half frequency inverted LO
signal 19826, generates an output pulse whenever a rising edge is received on
half frequency inverted LO signal' 19826, and outputs inverted I control signal
19792. FIG. 199 shows an exemplary inverted I control signal 19792.
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Third pulse generator 19814 receives half frequency phase shifted LO

signal 19824, generates an outpdt pulse whenever a rising edge is received on

half frequency phase shifted LO signal 19824, and outputs Q control signal

| 19794. FIG. 199 shows an exemplary Q control signal 19794,

Fourth pulse generator 19816 receives- half frequency inverted phase

‘shifted LO signal 19828, generates an output pulse whenever a rising edge is

received on half frequency inverted phase shifted LO signal 19828, and

outputs inverted- Q control signal 19796. FIG. 199 shows an exemplary

inverted Q control signal 19796.
~ In an embodiment, control signals 19790, 19792, 19794 and 19796

‘output pulses having a width equal to one-half of a period of 1/Q modulated
‘RF input signal 19782. The invention, however, is not limited to these pulse
widths, and control signals 19790, 19792, 19794, and 19796 may comprise -

‘pulse widths of any fraction of, or multiple and fraction of, a period of 1/Q

modulated RF input signal 19782. Also, other circuits for generating control -

signals 19790, 19792, 19794, and 19796 will be apparent to persons skilled in

the relevant arts based on the herein teachings.

First, second, third, and fourth pulse generators 19810, 19812, 19814,

and 19816 may be implemented in circuit logic, hardware, software, or any
‘combination thereof, as would be known by persons skilled in the relevant.

‘arts.

As shown in FIG. 199, in embodiments control signals 19790, 19792,

19794, and 19796 comprise pulses that are non-overlapping.. Furthermore, in

this example, pulses appear on these signals in the following order: I control

signal 19790, Q control signal 19794, inverted I control signal 19792, and

inverted Q control signal' 19796. Potential circuit re-radiation from I/Q

“modulation receiver 19700 may comprise frequency components from a

ccombination of these control signals.

For example, FIG. 200 shows an overlay of pulses from I control

signal 19790, Q control signal 19794, inverted I control signal 19792, and
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inverted Q control sxgna119796 When pulses from these control signals leak
through first, second, third, and fourth Processing modules 19702, 19706,
19710, and 19714 to antenna 19782 (shown in FIG. 197), they may be radiated
from 1/Q modulation receiver 19700, with a combined waveform that appears
to have a primary frequency equal :co four times the frequency of any single
one of control signals 19790, 19792, 19794, and 19796. FIG. 199 shows an
example combined control signal 19902.

FIG. 200 also shows an example I/Q modulation RF input signal 19782
overlaid upon control 51gnals 19790, 19792, 19794, and 19796. As shown in
FIG. 200; pulses on I control signal 19790 overlay and act to down-convert a
positive I-phase portion of 1/Q modulation RF input signal 19782. Pulses on
inverted I control signal 19792 overlay an(_l.act to down-ponvert a negative I-
phase portion of I/Q modulation RF inpuf signal 19782. Pulses on Q control
signal 19794 overlay and act to down-f:onvert a rising Q-phase portion of I/Q
modulation RF input signal 19782. Pulses on inverted Q control signal 19796
overlay and act to c.iown-convert a falling Q-phase portion of I/Q modulation
RF input signal 19782.

As FIG. 200 further shows in this example the frequency ratio
between the combination of control signals 19790, 19792, 19794, and 19796
and 1/Q modulation RF input signal 19782 is 4:3. Because the frequency of
the. potentially re-radiated Signal, combined control signal 19902, is
substantially different from that of the signal being down-converted, 1/Q
modulation RF input signal 19782, it does not interfere with signal down-
conversion as it is out of the frequency band of interest, and hence may be
filtered out. Ih this mannef, I/Q modulation receiver 19700 reduces problems
due to circuit re-radiation. As will be understood by persons skilled in the
relevant arts from the teachings herein, frequency ratios other than 4:3 may be
implemented to achieve similar reducﬁon_of problems of circuit re-radiation.

| It should be understood that the a‘bove control signal generator circuit

example is provided for illustrative purposes only. The invention is not
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‘limited -to these - embodiments.  Alternative ' embodiments’ (including -

equivalents, extensions, variations, deviations, etc.; of the embodiments

described herein) for 1/Q modulation control signal generator 19800 will be
apparent to persons skilled in the relevant arts from the teachings herein, and

are within the scope of the present invention.

3. Detailed Example I/Q Modulation Receiver Embodiment with
Exemplary Waveforms _

FIG. 201 illustrates a more detailed example circuit itnplemeutation of

I/Q modulation. receiver 19700 according to an embodiment of the pre-ser'it“

iiu\)ention FIGS. 202-40 show waveforms related to an example

1mp1ementatton of I/Q modulation receiver 19700 of FIG. 201.

FIGS. 202 and 203 show first and second input data 51gnals 20102 .and'

2201 04 to be I/Q modulated with a RF carrier signal frequency as the I-phase

jand Q-phase information signals, respectively.

FIGS. 205 and 206 show the signals of FIG. 202 and 203 after

‘modulation with a RF carrier signal frequency, respectively, as I-modulated

signal 20106 and Q-modulated signal 20108.

" FIG. 204 shows an I/Q modulation RF input signal 19782 fonued from

;I-modulated signal 20106 and Q—modulated'signal 20108 of FIGS. 205 and -
206, respectively. '

FIG. 211 shows an overlaid view of ﬁltered I output 51gnal 21 102 and

filtered inverted 1 output s1gnal 21 104.
FIG. 212 shows an overlald view of filtered Q output 31gnal 21202 and

filtered mverted Q output signal 21204.

FIGS. 207 and 208 show I baseband output signal 19784 and Q

baseband output signal 19786, respectfully. A data transition 20402 is
indicated in both I baseband output signal 19784 and Q baseband output signal
19786. The corresponding data transition 20402 is indicated in I-modulated
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signal 20106 of FIG. 205, Q-modulated signal 20108 of FIG. 206, and 1/Q
modulation RF input signal-19782 of FIG. 204.
~FIGS. 209 and 210 show I baseband output signal 19784 and Q

baseband output signal 19786 over a wider time interval.
4. Example Single Channel Receiver Embodiment

FIG. 213 illustrates an example single channel receiver 21300,
corresponding to either the I or Q channel of I/Q modulation receiver 19700,
according to an embodiment of the present invention. Single channel receiver
21300 can down-convert an input RF signal 21306 modulated according to
AM, PM, FM, and other modulation schemes. Refer to the section above for

further description on the operation of single channel receiver 21300.

5. Example Automatic Gain Control (AGC) Embodiment

' According to embodiments of the invention, the amplitude level of the
down-converted signal can be controlled by modifyiné the aperture of the
controi signal that controls the switch module. Conéider FIG. 43, that
illﬁstrates an equation that represents the change in charge in the storage
device of embodiments of the UFT module, such #s a capacitor. This equation
is a function of T, which is the aperture of the control signal. Thus, by
modifying the aperture T of the control signai; it is possible to modify the
amplitude level of the down-converted signal.

Some embodiments may include a control mechanism to enable
manual control of aperture T, and thus rﬁanual control of the amplitude level
of the down-converted signal. Other embodifnents may include automatic or

semi-automatic control modules to enable automatic or semi-automatic control
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of aperture T, and thus-automatic or semi-automatic control of the amplitude -

level of the down-converted signal. Such embodiments are herein referred to .

(without limitation) as automatic gain control (AGC) embodiments. Other

" embodiments include a combination of manual and autdmatic control of

| apérture T.

6. Other Example Embodiments

Additional aspects/embodiments of the invention are considered in this

section.

In-one embodiment of the present invention there is provided a method

of transmitting information between a transmitter and a receiver comprising.

the steps of transmitting a first series of signals each having a known period

“from the transmitter at a known first repetition rate; sampling by the receiver -
feabh signal in the first series of signals a single time and for a known time
"interval fhe sampling of the first series of sigha]s being at a second repetition -
-rate that is a rate different from the first repetition rate by a known amount;
‘and gene:éting by the receiver an output signal indicative of the signal levels
“sampled in Step B. and having a period longer than the known period- of -a

‘transmitted signal.

In another émbodiment of the invention there is provided a

communication system comprising a transmitter means for transmitting a first -

series of signals of known period at a known first repetition rate, a receiver

‘means for receiving the first series of signals, the receiver means including

sampling means for sampling the signal level of each signal first series of

signals for a known time interval at a known second repetition rate, the second

repetition rate being different from the first repetition rate by a known amount
as established by the receiver means. The receiver means includes first circuit
means for generating a first receiver output signal indicative of the signal -

levels sampled and having a period longer than one signal of the first series of
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-~ signals. The transmitter means includes an oscillator for generating an

‘oscillator output signal at the first repetition rate, switch means for receiving

the oscillator output signal and for selectively passing the oscillator output
signal, waveform generating means for receiving the oscillator output signal
for generating a waveform generator output signal having a time domain and
frequency domain established by the waveform generating means.

The embodiment of the invention described herein involves a single or.
multi-user communications system that utilizes coherent signals to enhance the
system performance over conventional radio frequency schemes while
reducing cost and complexity. The design allows direct conversion of radio
frequencies into baseband components for processing and provides a high

level of rejection for signals that are not related to a known or controlled slew

- rate between the transmitter and receiver timing oscillators. The system can

be designed to take advantage of broadband techniques that further increase its
reliability and permit a high user density within a given area. The technique
employed allows the system to be configured as a separate transmitter-receiver
pair or a transceiver.

An objective of the present system is to provide a new communication

technique that can be applied to both narrow and wide band systems. In its

‘most robust form, all of the advantages of wide band communications are an

inherent part of the system and the invention does not require complicated and

costly circuitry- as found in conventional wide band designs. The

‘communications system utilizes coherent signals to send and receive

information and consists of a transmitter and a receiver in its simplest form.
The receiver contains circuitry to turn its radio frequency input on and off in a
known relationship in time to the transmitted signal. This is accomplished by
allowing the transmitter timing oscillator and the receiver timing oscillator to
operate at different but known frequencies to create a known slew rate between
the oscillators. If the slew rate is small compared to the timing oscillator

frequencies, the transmitted waveform will appear stable in time, i.e., coherent
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(moving at the known slew rate) to the receiver's switched input. :‘The
transmitted waveform is the only waveform that will appear stable in time to

the receiver -and thus the receiver's input can be averaged to achieve the

~ desired ‘level ﬁltefing of unwanted signals. This methodology makes the

system extremely selective without complicated filters and complex encoding

and decoding schemes and allows the direct conversion of radio frequency
energy from an antenna or cable to baseband frequencies with a minimum

number of standard components further reducing cost and complexity. The

" transmitted waveform can be a constant carrier (narrowband), a controlled .

‘pulse (wideband and ultra-wideband) or a combination of both such as'a -

dampened sinusoidal wave and or any arbitrary periodic waveform thus the

: system can be designed to meet virtually any bandwidth requirement. Simple

standard modulation and demodulation techniques such as AM and Pulse-

" Width Modulation can be easily applied to the system.

Depending on the system requirements such as the rate of information

transfer, the process gain, and the intended use, there are multiple preferred

embodiments of the invention. The embodiment discussed herein will be the

“amplitude and pulse width modulated system. It is one of the simplest

implementations of the technology and has many common components with

“the subsequent systems. ‘A amplitude modulated transmitter consists of a
. Transmitter Timing Oscillator, a ML[ltiplier, a Waveform Generator, and an
;Optional Amplifier. - The Transmitter Timing Oscillator frequency can be
determined by ‘a number of resonate circuits including an inductor and
 capacitor, a ceramic resonator, a SAW resonator, or a crystal. The output

‘waveform is sinusoidal, although a squarewave oscillator would produce

identical system performance.

The Multiplier component multiplies the Transmitter Timing Oscillator

output signal by 0 or 1 or other constants, K1 and K2, to switch the-oscillator-
“output on and off to the Waveform Generator. In this embodiment, the

information input can be digital data or analog data in the form of pulse width
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modulation. The Multiplier allows the Transmitter Timing Oscillator output
to be present at the Waveform Generator input when the information input is
above a predetermined value. In this state the transmitter will produce an
output waveform. When the information input is below a predetermined
value, there is no input to the Waveform Generator and thus there will be no
transmitter  output waveform. The output of the Waveform Generator
determines the system's bandwidth in the frequency domain and consequently
the number of users, process gain immunity to interference and overall
reliability), the level of emissions on any given frequency, and the antenna or
cable requirements. The Waveform Generator in this example creates a one
cycle pulse output which produces an ultra-wideband signal in the frequency
domain. An optional power Amplifier stage boosts the output of the
Waveform Generator to a desired power level.

With reference now to the drawings, the amplitude and pulse width
modulated transmitter in accord with the present invention is depicted at
numeral 13000 in FIGS. 130 and 131. The Transmitter Timing Oscillator
13002 is a crystal-controlled oscillator operating at a frequency of 25 MHZ.
Multiplier 13004 includes a two-input NAND gate 13102 controlling the
gating of oscillator 13002 output to Waveform. Generator 13006. Waveform
Generator 13006 produces a pulse output as depicted at 13208 in FIGS. 132.

- and 133, which produces a frequency spectrum 13402 in FIG. 134. Amplifier

13008 is optional. The transmitter 13000 output is applied to antenna or cable
13010, which as understood in the art, may be of various designs as
appropriate in the circumstances.

. FIGS. 132-134 -illustrate the various signals present in transmitter -
13000. The output of transmitter 13000 at "A" may be either a sinusoidal or
squarewave signal 13202 that is provided as one input into NAND gate 13102.
Gate 13102 also receives an information signal 13204 at "B" which, in the
embodiment shown, is digital in form. The output 13206 of Multiplier 13004

can be either sinusoidal or squarewave depending upon the original signal
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13202 - Waveform  Generator 13006 provides ‘an 'ou__tput ‘of a single cycle

impulse signal 13208. - The single cycle impulse ‘13210 ‘variés in voltage
around a static level 13212 and is created at 40 nanoseconds intervals. In the
illustrated embodiment, the frequency of transmitter 13002 is 25 MHZ and
accordingly, one cycle pulses of 1.0 GHZ are transmitted every 40

" nanoseconds during the total time interval that gate 13102 is "on" and passes

the output of transmitter oscillator 13002.

FIG. 135 shows the preferred embodiment receiver block diagram to

“recover the amplitude or pulse width modulated information and consists of a
Receiver Timing Oscillator 13510, Waveform Generator 13508, RF Switch
'Fixed or Variable Integrator 13506, Decode Circuit 13514, two optional

Amplifier/Filter stages 13504 and 13512, antenna or cable input 13502, and
Information Output 13516. The Receiver Timing Oscillator 13510 frequency

can be determined by a number of resonate circuits including an inductor and

capacitor, a ceramic resonator, a SAW resonator, or a crystal. As in the case

of the transmitter, the oscillator 13510 shown here is a crystal o.Scillator. The

output waveform is a squarewave, although a sinewave oscillator would

‘produce identical system performance. The squarewave timing oscillator

output 13602 is shown as A in FIG. 136. The Receiver Timing Oscillator

13510 is designed to operate within a range of frequencies that cfe_ateS a

-known range of slew rates relative to the Transmitter Timing Oscillator 13002.
.In this embodiment, the Transmitter Timing Oscillator 13002 frequency is 25
'MHZ and the Receiver Timing Oscillator 13510 outputs between 25.0003
: MHZ and 25.0012 MHZ which creates a +300 to +1200 Hz slew rate.

The Receiver Timing Oscillator 13510 is connected to the Waveform

‘Generator 13508 which shapes the oscillator signal into the appropriate output

to control the amount of the time that the RF switch 13506 is on and off. The
on-time of the RF switch 13506 should be less than % of a cycle (1/10 of a

cycle is preferred) or in the case of a single pulse, no wider than the pulse

width of the transmitted waveform or the signal gain of the system will be
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reduced. Examples are illustrated in Table Al. Therefore the output of the
Waveform Generator 13508 is a pulse of the appropriate width that occurs
once per cycle of the receiver timing oscillator 13510. The output 13604 of

the Waveform Generator is shown as B in FIG. 136.

Transmitted Waveform Gain Limit on-time Preferred on-time

Single 1 nanosecond pulse . 1 nanosecond 100 picoseconds

1 Gigahertz 1,2,3..etc. cycle output 500 picoseconds 50 picoseconds

10 Gigahertz 1,2,3..etc. cycle output . . 50 picoseconds 5 picoseconds
Table Al

~ The RF Switr_:h/lntegrattor 13506 samples the RF signal _13606 shown
“C” in FIG. 136 when the Waveform Generator output 13604 is below a
predetermmed value. When the Waveform Generator output 13604 is above a
predetermined value, the RF Switch 13506 becomes a high impedance node
and allows the Integrator to hold the last RF signal sample 13606 until the next
cyc]e of the Waveform Generator 13508 output. The Integrator section of
13506 is designed to charge the Integrator qulckly (fast attack) and discharge
the Integrato_r at a controlled rate (slow decay). This embodiment provides
untwante,d signal _ _réjectioh and is a factor in determining the baseband
fre,qﬁe_nby response of the syétem. ' The sense of the switt:h control is arbitrary
depending on the actual hardware implementation.
| - Inan embodiment of the present invéntion, the gating ot' sampling rate
of the receiver 13500 is 300 Hz higher than the 25 MHZ transmission rate
from the transmitter 13000. _Altematively; the sampling rate could be less than
the transmission rate. The difference in repetition rates between the.
transmitter 13000 and receiver 13500, the "slew rate,” is 300 Hz and results ih
a cohtrolle_d drift of the sampling pulses over the transmitted pulse which thué

appears "stable" in time to the receiver 13500. With reference now to FIGS.
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132 and 136, an example is illustrated for a simple case of an output signal
13608 (FIG. 136, "D") that is constructed of four samples from four RF input
pulses 13606 for ease of explanation. As can be clearly seen, by sampling the
RF pulses 13606 passed when the transmitter information signal 13204 (FIG.
132) is above a predetermine threshold the signal 13608 is a replica of a signal

13606 but mapped into a different time base. In the case of this example, the

“new time base has a period four times longer than real time signal. The use of

‘an optional amplifier/filter 13512 results in a further refinement of the signal

13608 which is present at "E" as signal 13610.

Decode Circuitry 13514 extracts the information contained in the

‘transmitted signal and includes a Rectifier that rectifies signal 13608 or 13610
:to provide signal 13612 at "G" in FIG. 136. The Variable Threshold:
:Genéré.tor circuitry in circuit 13514 provides_a DC threshold signal level
13614 for signal 13610 that is used to determiné a 'high (ﬁansmitter output on)

or low (transmitter output off) and is shown at "H." The final output signal

13616 at "F" is created by an output voltage comparator in circuit 13514 that

combines signals 13612 and 13614 such that when the signal 13612 is a liigher

'voltage than signal 13614, the information oUtpuf signal .goes high.-

Accordingly, signal 13616 rep'resents', for examplé, a digital "1" that is now

‘time-based to a 1:4 expansion of the period of an ofiginal signal 13606. While
‘this illustration provides a 4:1 reduction in frequency, it is sometimcs desired

'to provide a reduction of more than '50,000':] ;. in the preferred embodiment,

100,000:1 or greater is achieved. This results in a shift directly from RF input
frequency to low frequency baseband. without the requirement of expensive
intermediate circuitry that would have to be used if only a 4:1 conversion was

used as a first stage. Table A2 provides information as to the time base

‘conversion and includes ethples.
Units
's=1ps=110? ns=1_10° us=1_10° MHz=1_10° KHz=1_10°
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Receiver Timing Oscillator Frequency =25.0003 MHz
Transmitter Timing Oscillator Frequency =25 MHz

1
Transmitter Timing Oscillator Frequency

period =

period =40 ns .
)

Receiver Timing Oscillator Frequency - Transmitter Timing Oscillator Frequency

slew rate =

slew rate =0.003 s

slew rate

time base multiplier = ————— seconds per nanosecond
. period

time base multiplier = 8.333_10

Example 1:
1 nanosecond translates into 83.33 microseconds
time base = (1 ns) . time base multiplier

time base = 83.333 us

Example 2:

2 Gigahertz translates into 24 Kilohertz 2 Gigahertz = 500 picosecond period
time base = (500 ps)_ time base multiplier

time base =41.667 us -

1
time base

frequency =24 KHz

frequency =
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In the illustrated embodiment, the signal 13616 at "F" has a period of

83.33 usec, a frequency of 12 KHz and it is produced once every 3.3 msec for

a.300 Hz slew rate. Stated another way, the system is converting a 1 'gigaheri:z

transmitted signal into an 83.33 microsecond signal.

Accordingly, the series of RF pulses 13210 that are transmitted during
the presence of an "on" signal at the information input gate 13102 are used to
reconstruct the informatidn input signal 13204 by sampling the series of pulses
at the receiver 13500. The system is designed to provide an adequate number
of RF inputs 13606 to allow for signal reconstruction.

An optional Amplifier/Filter stage or stages 13504 and 13512 may be

‘included to provide additional receiver sehsitivity, bandwidth control or signal
conditioning for the Decode Circuitry 13514. Choosing an appropriate time
“base multiplier will result in a signal at the output of the Integrator 13506 that
Ecan be amplified and filtered with operational amplifiers rather than RF
.amplifiers with a resultant simplification of the design process. The signal '
13610 at "E" illustrates the use of Amplifier/Filter 13512 (FIG. 137). The
‘optional RF amplifier 13504 shown as the first stage of the receiver should be

included in the design when increased sensitivity and/or additional filtering is -

required. Example receiver schematics are shown in FIGS. 137-139.

FIGS. 140-143 illustrate different pulse output signals 14002 and
14202 and their respective frequency domain at 14102 and 14302. As can be
seen from FIGS. 140 and 141, the half-cycle signal 14002 generates a
spectrum less subject to interference than the single cycle of FIG. 133 and the

-10-cycle pﬁlse of FIG. 142. The various outputs determine the system's

immunity to interference, the number of users in a given area, and the cable

and antenna requirements. FIGS. 133 and 134 illustrate example pulse

: outputs.

PCT/US00/09911



10

15

20

25

WO.00/64042 -

=347 -

FIGS. 144 and 145 show example differential receiver designs. The
theory of operation is similar to the non-differential receiver of FIG. 135
except that the differential technique provides an increased signal to noise -
ratio by means of common mode rejection. Any signal impressed in phase at
both inputs on the differential receiver will attenuated by the differential :
amplifier shown in FIGS. 144 and 145 and conversely any signal that produces
a phase difference between the receiver inputs will be amplified.

FIGS. 146 and 147 illustrate the time and frequency domains of a
narrow band/constant carrier signal in contrast to the ultra-wide band signals -

used 1n the illustrated embodiment..
V1. Additional Features of the Invention"
1. Architectural Features of the Invention

The present invention provides, among other things, the following

architectural features:

optimal baseband signal to noise ratio regardless of modulation

(programmable RF matched filter);
. exceptional linearity per milliwatt consumed;

easily integrated into bulk C-MOS (small size/low cost, high level of

integration);

fundamental or sub-harmonic operation (does not change conversion

efficiency); -
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transmit function provides frequency rilultiplication and signal gain;

- and

optimal power transfer into a scalable output impedance (independent

- of device voltage or current); -

The present invention provides simultaneous solutions for two

“domains: power sampling and matched filtering. A conventional sampler is a

“voltage sampling device, and does not substantially: affect the input signal. A

power sampler according to the present invention attempts to take as much

power from the input to construct the output, and does not necessarily preserve

“the input signal. -
2. Additional Benefits of the Invention

2.1  Compared to an Impulse Sampler

The present invention out-performs a theoretically perfect impulse

sampler. The performance of a practical implementation of the present

invention exceeds the performance of a practical implementation of an impulse

sampler. The present invention is easily implemented (does not require

- impulse circuitry).
‘22 Linearity

The present invention provides exceptional linearity per milliwatt. -For

example, rail to rail dynamic range is possible with minimal increase in power.

‘In an example integrated circuit embodiment, the present invention provides

+55dmb IP2, +15 dbm IP3, @ 3.3V, 4.4ma, -15dmb LO. GSM system
requirements are +22dbm IP2, -10.5dmb IP3. CDMA system requirements are

“+50dmb IP2, +10dbm IP3.
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2.3  Optimal Power Transfer into a Scalable Output Impedance

In an embodiment of the present invention, output impedance is
scalable to facilitate a low system noise figure. In an embodiment, changes in

output impedance do-not affect power consumption.
2.4  System Integration

In an embodiment, the present invention enables a high level of
integration in bulk C-MOS. Other features include:
- small footprint;
no multiplier circuits (no device matching or balancing transistors);
transmit and receive filters at baseband;
low frequency synthesizers; |

DC offset solutions;

Referring to FIG. 218A, a single-switch, differential input,
differential output receiver 21800, according to an embodiment of the present
invention, is shown. If an I/Q signal is being received, receiver 21800 could
be implemented for each of the I- and Q-phase signals. No balanced transistor
is required in receiver 21800. Any charge injection that creates a DC offset
voltage on a first switch input 21802 creates a substantially equal DC offset
voltage on a second switch input 21804, so that any resulting DC offset due to

charge injection is substantially canceled.

In an embodiment, LO signal 21806 runs at a sub-harmonic.
Gilbert cells lose efficiency when run at a sub-harmonic, as compared to the

receiver of the present invention.
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FIG. 218A shows a substantially maximal linearity

- configuration. The drain and source voltages ‘are virtually -fixed in relation to

| V. The DC voltage across first switch input 21802 and second switch input

21804 remains substantially constant.

Single-switch, differential input, differential output receiver

- émbodiments according to the present invention, are discussed in further detail

_elsewhere herein.

architecturally reduces re-radiation;

Referring to' FIG. 218A, re-radiation is substantially all

“common mode.. With a’ perfect splitter, the re-radiation will be substantially

eliminated.

Referring to F1G. 218B, a first switch 21810 and a second

‘switch 21812 are implemented in a receiver 21814, according to an
" embodiment of the present invention. Receiver 21814 moves re-radiation off
Efrequency to the next even harmonic frequency higher. Referring to FIG.

218D, re-radiation was substantially shifted from 2.49 GHz (see. re-radiation

spike 21818) to 3.29 GHz (see larger re-radiation spike 21820).

Receiver embodiments, according to the present invention, for

‘reducing or eliminating circuit re-radiation, such as receiver 21814, are

: discussed in further detail elsewhere herein.

inherent noise rejection; and

lower cost.

'2.5  Fundamental or Sub-Harmonic Operation.
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Sub-harmonic operation is preferred for many direct down-conversion
implementations because it tends to avoid oscillators and/or signals near the

desired operating frequency.

Conversion efficiency is generally constant regardless of the sub-

harmonic. Sub-harmonic operation enables micro power receiver designs.
2.6 Frequency Multiplication and Signal Gain

A transmit function in accordance with the present invention provides
frequency multiplication and signal gain. For example, a 900 MHz design
example (0.35 p CMOS) embodiment features -15 dbm 180 MHz LO, 0 dbm
900 MHz /O output, 5 VDC, 5.ma. A 2400 MHz design example (0.35 p
CMOS) embodiment features -15 dbm 800 MHz LO, -6 dbm 2.4 GHz I/O
output, 5 VDC, 16 ma. | _

A transmit function in accordance with the present invention also

provides direct up-conversion (true zero IF).
3. -Controlled Aperture Sub-Harmeonic Matched Filter Features
3.1  Non-Negligible Aperture

‘A non-negligible aperture, as taught herein, substantially preserves
amplitude and phase information, but not necessarily the carrier signal. A
general concept is to under-sample the carrier while over sampling the
information.

The present invention transfers optimum energy. Example
embodiments have been presented herein, including DC examples and carrier

half cycle examples.
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32 - ‘Bandwidth -

With regard to input bandwidth, optimum energy transfer generally

occurs every n + % cycle. Output bandwidth is generally a function of the LO.

i3.3 Architectural Advantages of a Universal Frequency Down-

- Converter

A universal frequency down-converter (UDF), in accordance with the

- invention, can be designed to provides, among other things, the following

features:
filter Q’s of 100,000+;
filters with gain;
filter integration in CMOS;
electrically modified center frequency and bandwidth;
stable filter parameters in the presence. of high level signals;
-and

UDF’s can be mass produced without tuning. -

| 3.4  Complimentary FET Switch Advantages

Complimentary FET switch implementations of the invention provide,

“among other things,. increased dynamic range (lower Rds, - increased
_conversion efficiency, higher IIP2, IIP3, minimal current increase (+ CMOS
inverter), and lower re-radiation (charge cancellation). For example, refer to

'FIGS. 240 and 241.

'35  Differential Configuration Characteristics
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Differential configuration implementations of the invention provide,
among other things, DC off-set advantages, lower re-radiation, input and

output common mode rejection, and minimal current increase. For example,
refer to FIG. 242.

3.6 Clock Spreading Characteristics

Clock spreading aspects of the invention provide, among other things,

lower re-radiation, DC off-set advantages, and flicker noise advantages. For

example, refer to FIGS. 243-245.
3.7  Controlled Aperture Sub Harmonic Matched Filter Principles

The invention provides, among other things, optimization of signal to
noise ratio subject to maximum energy transfer given a controlled aperture,
and maximum energy transfer vyhile preserving information. The invention
also provides bandpass wave form auto sampling and pulse energy

accumulation
3.8  Effects of Pulse Width Variation

Pulse width can be optimized for a frequency of interest. Generally,
pulse width is n plus % cycles of a desired input frequency. Generally, in
CMOS implementations of the invention, pulse width variation across process
variations and temperature of interest is less than +/- 16 percent.

4, Conventional Systems

4.1  Heterodyne Systems
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Conventional heterodyne systems, in contrast to the present inventién,
are relatively complex, require multiple RF synthesizers, require management
.of various electromagnetic modes (shield, etc.), require significant inter-
‘modulation management, and require a:1 myriad of technologies that do not.

easily integrate onto integrated circuits.
4.2  Mobile Wireless Devices

High quality mobile wireless devices have not been implemented via
:zero IF because of the high power requirements for the first conversion in.
: order to obtain necessary dynamic range, the high level of LO required (LO re- .
;radiation), adjacent channel interference rejection filtering, transmitter
'modulation filtering, transmitter LO leakage, and limitations on RF .

' synthesizer performance and technology.
R Phase Noise Cancellation

. The complex phasor notation of a harmonic signal is known from

"Euler’s equation, shown here as equation 172..

-S(t)-:e—j(coctw) o EQ.'(m)

Suppose that ¢ is also some function of time ¢(b). ¢(t) represents

| phase noise or some other phase perturbétion of the waveform. Furthermore,

suppose that ¢(t) and -@(t) can be derived and manipulated. Then if follows
that the multiplication of S,(t) and S,(t) will yield equation 173.
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S(t) =S, (t)o Sé (t) = o J(orel)) e‘J:G’c.t.“?’(‘)) = g /20
EQ. (173)

Thus, the phase noise @(t) can be canceled. Trigonometric identities
verify the same result except for an additional term at DC. This can be
implemented with, for example; a four—quadranf version of the invention. FIG. -
268 illustrates an implementation for a doubler (2X clock frequency and
harmonics thereof). FIG. 269 illustrates another implementation (harmonics
with odd order phase noise canceling).

In an embodiment two clocks are utilized for phase noise cancellation
of odd and even order harmonics by cascading stages. A four quadrant
implementation of the invention can be utilized to eliminate the multiplier

illustrated in FIG. 269.
6. Multiplexed UFD

In an embodiment, parallel receivers and transmitters are implemented
using single pole, double throw, triple throw, etc., implementations of the

invention.

A multiple throw implementation of the invention can also be utilized.
In this embodiment, many frequency conversion options at multiple rates can
be performed in parallel or serial. This can be implemented for multiple

receive functions, multi-band radios, multi-rate filters, etc.

7. Sampling Apertures -
Multiple apertures can be utilized to accomplish a variety of effects.
For example, FIG. 270 illustrates a bipolar sample aperture and a

corresponding sine wave being sampled. The bipolar sample aperture is
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operated at a sub harmonic of the sine wave being sampled. - By: calculating -
‘the Fourier transform of each component within the Fourier. series, it can be
_shown that the sampling deer spectrum goes to zero at the sub harmonics
‘and super harmonics. As a result, the comb spectrum ‘is substantially

eliminated except at the conversion frequency. -

Similarly, the number of apertures can be extended with associated

%bipolar weighting to form a variety of impulse responses and to perform

filtering at RF.
8. Diversity Reception and Equalizers

The present invention can be utilized to implement maximal ratio post

detection combiners, equal gain post detection combiners, and selectors.

FIG. 271 illustrates an example diversity receiver implemented in

.accordance with the present invention.’

FIG. 272 illustrates an example equalizer implemented in accordance

-with the present invention.

The present invention can serve as a quadrature down converter and as

a unit delay function. In an example of such an implementation, the unit delay

jﬁm_ction is implemented with a decimated clock at baseband.. .

VII. Conclusions

Example embodiments of the methods, systenis, and coinponents of the

present invention have been described herein. As noted el'sewhere', these
| ?ex'ample embodiments have been described for illustrative purposes only, and

‘are not limiting. Other embodiments are possible and are covered by the
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invention. Such other embodiments include but are not limited to hardware,

software, and software/hardware implementations of the methods, systems,

and components of the invention. Such other embodiments will be apparent to

persons skilled in the relevant art(s) based on the teachings contained herein.

Thus, the breadth and scope of the present invention should not be limited by

any of the above-described exemplary e.mbod_iments, but should be defined

only in accordance with the following claims and their equivalents.

VIIL. Glossary of Terms

AM. Amplitude Modulation

A/D Analog/Digital

AWGN Additive White Gaussian

C l Capacitor

CMOS Complementary Metal Oxide Semiconductor
dB Decibel

dBm Decibels with Respect to One Milliwatt
DC Direct Current '
DCT Discrete Cosine Transform

DST Discrete Sine Transform

FIR Finite Impulse Response

GHz Giga Hertz

I/Q In Phase/Quadrature Phase

IC Integrated Circuits, Initial Conditions
IF Intermediate Frequency

ISM - Industrial, Scientific, Medical Band
L-C Inductor-Capacitor

LO Local Oscillator
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NF Noise Frequency _
[OFDM Orthogonal Frequency Division Multiplex
IR Resistor ' :
| RF Rédio Frequenc); :

ms ' Root Mean Sqﬁare
SNR Signal to Noise Ratio
‘| WLAN Wireless Local Area Network
| OFT Universal Frequency Translation .
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What Is Claimed Is:

1. A method for down-converting an electromagnetic signal, comprising
the steps of:

(1)  performing a matched filtering/correlating operation on a
portion of a carrier signal; |

(2)  accumulating the result of the matched - filtering/correlating
operation of step (1); and | _

(3)  repeating steps (1) and (2) for additional portions of the carrier

signal, whereby the accumulation results form a down-converted signal.

2. The method according to claim 1, wherein step (1) comprises the step
of convolving an approximate half cycle of the carrier signal with a

re_presentation of itself.

3. The method according to claim 1, wherein step (1) comprises the step
of multiplying an approximate half eycle of the carrier signal by itself over a
predetermined time interval and intégrating over a predetermined time

interval.

4. The method according to claim 1, where Sp(f) is an output of the
matched filtering/correlating operation, k is a constant, S(¢) is an approximate
half cycle of the carrier signal, and t,-0 is a predetermi'ned time interval, and
wherein step (1) comprises the step of processing an approximate half cycle of

the carrier signal in accordance with:

g@:ﬁﬁ@m.

*. C L n S *
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| 5.- - The method according to claim 1, where Sg(f) is an output of the

matched filtering/correlating 'operatibn, k is a constant, &Sj(t,-7) is an impulse
: response of a matched ﬁ_]tering/cor;elating operator, t, is a predetermined
_observation time, #(7) is a steﬁ function, and Sj(t-7) is. an approximate half .
“cycle of the carrier signal, and wherein step (1-) c_:omprises the step of

processing the approximate half cyclé of the carrier signal in accordance with:

5o(0)= [(kS.(to - )r)8,(t - e)ce.

0

6. The method according to claim 1, wherein step (2) _cbniprises the step
of transferring a portion of the energy contained in an approximate half cycle |

of the carrier signal to an energy storage device.
7. The method according to claim 1, wherein step (2) cbmprisés the step
of transferring a portion of the energy contained in an approximate half cycle

of the carrier signal to a capacitive storage device.

: 8. The method according to claim 1, further comprising the step of:

(4)  passing on the accumulation result of step(2)toa

i reconstruction filter.

9. The method according to claim 1, further comprising the step of:

(4) passing on the accumulation result of step (2) to an

‘interpolation filter.

10.  The method according to claim 1, wherein step (3) comprises the step

éof repeating steps (1) and (2) at a sub-harmonic rate of the carrier signal.

-
L

» ¢ '

W

*
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11.  The method accbrding to claim 1, wherein step (3) comprises the stép
of repeating steps (1) and (2) at an off-set of a sub-harmonic rate of the carrier

signal.

12.  The method according to claim 1, further comprising the step of:
(4)  performing steps (1), (2), and (3) for positive approximate half
cycles of the carrier signal and for inverted negative approximate half cycles

of the carrier signal.

I3. A method for down-converting an electromagnetic signal, comprising
the steps of:
(1)  performing a finite time integrating operation on a portion of a
carrier signal;
_ (2)  accumulating the result of the finite time integrating operation
of step (1); and
(3)  repeating steps (1) and (2) for additional portions of the carrier

signal, whereby the accumulation results form a down-converted signal.

14.  The method according to claim 13, wherein step (1) comprises the step
of operating.on an approximate half cycle of the carrier signal with a filter -
having an approximately rectangular impulse response and integrating the

output of the filter.

15.  The method according to claim 13, wherein step (1) comprises the step
of controlling a switch to pass an approximate half cycle of the carrier signal

through the switch and integrating the output of the switch.

16.  The method according to claim 13, where D, is a transform, u(#)-u(t-
T4) is a windowing operator or aperture of duration 74, and 4sin (@t + ¢) is

an approximate half cycle of the carrier signal, and wherein Step (1) comprises

* [ L M S *
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the step of processing the approximate half cycle of the carrier signal in

_accordance with:

:Z),= [ (o)~ ule~T,))- Asin(eor + )

17. ~The method according to claim 13, wherein step (2) comprises the step
 of transferring a portion of the energy contained in an approximate half cycle

of the carrier signal to an energy storage device.

18.  The method accordmg to claim 13, wherein step (2) comprises the step
of transferring a portion of the energy contained in an approximate half cycle

 of the carrier signal to a capacitive storage device.

19. - The method according to claim 13, where E is energy, 4 is a constant,

. A-Si(¥) is an aperture impulse response of duration 74, and wherein step (2)
' comprises the step of accumulating energy from an approximate half cycle of

the carrier signal in accordance with:

E= (?A-S,(t)] dt

'20.  The method accordmg to clalm 13, further comprising the step of:

(4) passing on the accumulation result of step 2) toa

reconstruction filter.

'21.  The method according to claim 13, further comprising the stép of:

4 passing on the accilmulation result of step (2) to an

interpolation filter.

.22.  The method according to claim 13, wherein step (3) comiprises the step

of repeating steps (1) and (2) at a sub-harmonic rate of the carrier signal.

* c L M S *
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23.  The method according to claim 13, wherein step (3) comprises the step
of repeating steps (1) and (2) at an off-set of a sub-harmonic rate of the carrier

signal.

24.  The method according to claim 13, further comprising the step of:
(4)  performing steps (1), (2), and (3) for positive approximate half
cycles of the carrier signal and for inverted negative approximate half cycles

of the carrier signal.

25. A method for down-converting an electromagnetic signal, bompi'ising
the steps of:
(1)  performing an RC processing operation on a portion of a carrier
signal; | _'
(2)  accumulating the fésult of the RC processing operation of step
~ (1);and |
(3) - repeating steps (1) and (2) for additional portions of the carrier
signal, whereby the accumulation results form a down-

converted signal.

26.  The method according to claim 25, wherein step (1) comprises the step
of operating on an approximate half cycle of the carrier signal with an RC

filter and integrating the output of the RC filter.

27.  The method according to claim 25, where h(t) is an impulse response
of an RC filter, R is an impedahce, C is a capacitance, and u(7)-u(7-T4) is a
windowing operator or aperture of duration 74, and wherein step (1)

comprises the steps of:
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(a) operating on an approximate half cycle of the carrier signal

with an RC filter having an impulse response approximated by °

()= e fu(e)-u(e-T, ), and

(b) integrating' the output of the RC filter.

| 28. The method accoi'ding to claim 25, ‘wherein step (1) comprises the step
~of controlling a switch to pass an approximﬁte half cyble of the carrier signal -
through the switch and integrating the output of the switch using a capacitive -

storage device.
'29.  The method according to claim 25, wherein step (2) comprises the step
of transferring a portion of the energy contained in an approximate half cycle

-of the carrier signal to a cépécitive storage device.

530. The method éccording to claim 25, where C is a capacitance, 'Rs isa

source impedanc::é,'and Tqisa time of an approximate half cycle of the carrier .

fsig'nal, and wherein step @) comprises the step of accumulating a portion of -
‘the energy contained in the approximate half cycle of the carrier signal using a

-capacitive storage device chosen in accordance with:

R(025)"

t31. The method according to claim 25, further comprising the step of: - .

(4)  passing on the accumulation result of step (2) to a

reconstruction filter.

32.  The method according to claim 25, further comprising the step of:

—_—
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4) pasSir’:.'gJ't")h the accumulation result of step (2) to an

interpolation filter.

33.  The method according to claim 25, wherein step (3) comprises the step

of repeating steps (1) and (2) at a sub-harmonic rate of the carrier signal.

34. The method according to claim 25, wherein step (3) comprises the step
of repeating steps (1) and (2) at an off-set of a sub-harmonic rate of the carrier

signal.

35.  The method according to claim 25, further comprising the step of:
(4)  performing steps (1), (2), and (3) for positive approximate half
cycles of the carrier signal and for inverted negative

* approximate half cycles of the carrier signal.

36. A system for down-converting an electromagnetic signal, comprising:
a first matched filtering/correlating module that receives an input

signal, wherein said first matched filtering/correlating module down-converts
said input signal according to a ﬁrsf control signal and outputs a first down-
converted signal;

~a second matched ﬁltering/corrélating module that receives said input
signal, wherein said second matched filtering/correlating module down-
converts said input signal according to a second control signal and outputs a
second down-conVerted signal; and

a first subtractor module that subtracts said second down-converted

- signal from said first down-converted signal and outputs a first channel down-

“converted signal.

37.  The system of claim 36, wherein said input signal is a RF carrier signal

that is AM, FM, or PM modulated with an information signal.
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The system of claim 37, wherein said first channel down-converted

'signal is a baseband signal.

39,

The system of claim 37, wherein said first channel down-converted

ésignal is an intermediate frequency signal.

40.

The system of claim 36, further comprising:

a third matched filtering/correlating module that receives an input

ésignal, wherein said third matched ﬁltering/cdrrelating module down-converts -

?said input signal according to a third control signal and outputs a third down-

‘converted signal;

a fourth matched filtering/correlating module that receives said input

fsignal, wherein said fourth matched filtering/correlating module down-

éconverts said input signal according to a fourth control signal and outputs a

ffou'rth down-converted signal; and

a second subtractor module that subtracts said fourth down-converted

‘signal from said third down-converted signal and outputs a second channel

<down-converted signal.

41.

The system of claim 40, wherein said first subtractor and said second

‘'subtractor each comprise a differential amplifier.

42.

The system of claim 40, further compﬁsing:-

a first filter that filters said first down-converted signal;

a second filter that filters said second down-converted signal;
a third filter that filters said third down-converted signal; and
a fourth filter that filters said fourth down-converted signal.
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43.  The system of clalm 42, wherein said first, séci")"hd., third, and fourth

filters each comprise a low-pass filter.

44.  The system of claim 43, wherein each said low-pass filter comprises a

resistor and a capacitor.

45.  The system of claim 40, further comprising a low-noise amplifier that

amplifies said input signal.

46.  The system of claim 40, wherein said input signal comprises an RF.I/Q _

modulated signal.

47.  The system of claim 46, wherein said first channel down-converted
signal comprises an I-phase information sighal portion of said RF 1/Q
modulated signal, and wherein said second channel down-converted signal
comprises a Q-phase information signal portion of said RF I/Q modulate

signal.

48.  The system of claim 47, wherein a second control signal pulse of said
second control signal occurs 1.5 cycles of a frequency of said input signal after
the occurrence of a first control signal pulse of said first control signal;
wherein a fourth control signal pulse of said fourth control signal
occurs 1.5 cycles of said frequency of said input signal after the occurrence of
a third control signal pulse of said fourth control signal; and
wherein said third control signal pulse occurs .75 cycles of said
frequency of said input signal after the occurrence of said first control signal
pulse.
49. A system for down-converting an electromagnetic signal, comprising:
a first finite time integrating module that receives an input signal,

wherein said first finite time integrating module down-converts said input
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: signal according to a first control signal and outputs a first down-converted -

signal;

a second finite time integrating module that receives said input signal,

'wherein said second finite time integrating module down-converts said input
signal according to a second control signal and outputs a second down-

“converted signal; and

a first subtractor module that subtracts said second down-converted

signal from said first down-converted signal and outputs a first channel down- -

-converted signal.

'50. - The system of claim 49, wherein said input signal is a RF carrier signal

‘that is AM, FM, or PM modulated with an information signal.

51.  The system of claim 50, wherein said first channel down-converted-

- signal is a baseband signal.

52.  The system of claim 50, wherein said first channe] down-converted

'signal is an intermediate frequency signal.

53.  The system of claim 49, further comprising:

a third finite time integrating module that receives an input signal,

-wherein said third finite time integrating module down-converts said input -
signal according to a third control signal and outputs a third down-converted

‘signal;

a fourth finite time integrating module that receives said input signal,

,wherein said fourth finite time integrating module down-converts said input
jsignal according to a fourth control signal and outputs a fourth down-

‘converted signal; and

-
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a second subtractor module that subtracts said fourth down-converted
signal from said third down-converted signal and outputs a second channel

down-converted signal.

54.  The system of claim 53, wherein said first subtractor and said second

subtractor each comprise a differential amplifier.

55.  The system of claim 53, further comprising:
a first filter that filters said first down-converted signal;
a second filter that filters said second down-converted signal;
 a third filter that filters said third down-converted signal; and

a fourth filter that filters said fourth down-converted signal.

56. The system of claim 55, wherein said first, second, third, and fourth

filters each comprise a low-pass filter.

57.  The system of claim 56, wherein each said low-pass filter comprises a

resistor and a capacitor.

58.  The system of claim 53, further comprising a low-noise amplifier that

amplifies said input signal.

59.  The system of claim 53, wherein said input signal comprises an RF 1/Q

modulated signal.

60. The system of claim 59, wherein said first channel down-converted
signal comprises an I-phase information signal portion of said RF I/Q
modulated signal, and wherein said second channel down-converted signal
comprises a Q-phase information signal portion of said RF 1/Q modulate

signal.

I ———
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'61.  The system of claim 60, wherein a second control signal pulse of said
“second control signal occurs 1.5 cycles of a frequency of said input signal after

the occurrence of a first control signal pulse of said first control signal;

wherein a fourth control signal pulse of said fourth control signal

‘oceurs 1.5 cycles of said frequency of said input signal _aftef the occurrence of

a third control signal pulse of said fourth control signal; and

wherein said third control signal pulse occurs .75 cycles of said

': frequency of said input signal after the occurrence of said first control signal

pulse.

'62. A system for down-converting an electromagnetic signal, comprising:

a first finite time integrating module that receives an input signal,

‘wherein said first finite time integrating module down-converts said input .

'signal according to a first control signal and outputs a first down-converted - -

a second finite time integrating module that receives said input signal, -

‘wherein said second finite time integrating module down-converts said inpuit :
‘signal according to a second control signal and outputs a second down-

.converted signal; and

a first subtractor module that subtracts said second down-converted

:signal from said first down-converted signal and outputs a first channel down-

‘converted signal.

63.  The system of claim 62, wherein said input signal is a RF carrier signal

that is AM, FM, or PM modulated with an information signal. -

;64. The system of claim 63, wherein said first channel down-converted

isignal is a baseband signal.
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65. The system of claim 63, wherein said first channel down-converted

signal is an intermediate frequency signal. -

66.  The system of claim 62, further comprising:

a third finite time integrating module that receives an input signal,
wherein said third finite time integraiting module down-converts said input
signal according to a third control signal and outputs a third down-converted
signal;

a fourth finite time integrating module that receives said input signal,
wherein said fourth finite time integrating module down-converts said input
signal according to a fourth control signal and outputs a fourth down-
converted signal; and

a second subtractor module that subtracts said fourth down-converted
signal from said third down-com)erted signal and outputs a second channel

down-converted signal.

67. The system of claim 66, wherein said first subtractor and said second

subtractor each comprise a differential amplifier.

68.  The system of claim 66, further comprising:
a first filter that filters said first down-converted signal;
a second filter that filters said second down-converted signal;
a third filter that filters said third down-converted signal; and

a fourth filter that filters said fourth down-converted signal.

69.  The system of claim 68, wherein said first, second, third, and fourth

filters each comprise a low-pass filter.

70.  The system of claim 69, wherein each said low-pass filter comprisesa

resistor and a capacitor.
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: 71. - The system of claim 66, further comprising a low-noise amplifier that

amplifies said input signal.

72.  The system of claim 66, wherein said input signal comprises an RF I/Q

“modulated signal.

: 73.  The system of claim 72, wherein said first channel down-converted

- signal comprises an I-phase information signal portion of said RF 1/Q
-modulated signal, and wherein said second channel down-converted signal -
comprises a Q-phase information signal portion of said RF I/Q modulate

signal.

'74.  The system of claim 73, wherein a second control signal pulse of said
‘second control signal occurs 1.5 cycles of a frequency of said input signal after

‘the occurrence of a first control signal pulse of said first control signal;

wherein a fourth control signél pulse of said fourth control signal

occurs 1.5 cycles of said frequency of said input signal after the occurrence of

~a third control signal pulse of said fourth control signal; and

wherein said third control signal pulse occurs .75 cycles of said

frequency of said input signal after the occurrence of said first control signal

pulse.
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