10

15

20

WO 0024117 . ) PCT/US99/24299

Method and System for Down-Converting an E]ectromagnetic Signal

Background of the Invention

Field of the Invention

The present invention relates to down-conversion of clectromagnetic (EM) signals. More
particularly, the present invention relates to dqwn-cohversion of EM signals to intermediate
frequency signals, to direct down-conversion of EM modulated carrier signals to demodulated
baséband 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 signalé (baseband signals) include, but are not limited .
to, video baseband signals, voice baseband signals, computer baseband signals, etc. Baseband
signals include anaiog baseband signals and digital baseband signals.

Itis often beneficial to propagate EM signals at higher frequencies. This s 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 refers to a variety of techniques for impressing information from the
baseband si gﬁals 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 relatioﬁ 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 process the information that was in fhc bascband signal, the informétion must
be extracted, or demodulated, from the modulated carrier signal. However, because conventional
signal processing technology is limited in operational speed, co.nventional 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
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an intermediate frequency (IF), from where 2 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 deslgned frequency range.

Conventlonal down-converters generate unwanted image signals and thus must include
filters for ﬁltermg the unwanted i nnage signals. However, such filters reduce the power level of
the modulated carrier signals. As a result, conventional down-converters include power
amphﬁers, which reqmre extemal energy sources. '

When a received modulated carrier signal is relatlvely 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 1mproved method and system for down-converting EM signals;

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

. a method and system for transfemng energy and for augmentmg such energy transfer
when down-convertlng EM 31gnals,

a controlled 1mpedance method and system for down-convertmg an EM signal;

- a controlled aperture under-sampling mcthod and system for down—convemng an EM

a method and system for down-converting EM signal..s using a universal down-converter
design that can he .easily conﬁgured for different frequencies;

amethod and system for down-converting EM signals using a local oscillator frequency
that is substantially lower than the carrier frequency, " o

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 s1gnals using less power than conventional
down-converters

a method and system for down-convertmg EM signals that uses less space than

conventional down-converters,
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a method and system for down-cbm)érting EM signals that uses fewer components than
conventional down-converters;

a méthod and system for down-converﬁhg 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) signal by aliasing the EM signal, and applications
thereof.

Generally, the invention operates by receiving an EM signal. The invention .also receives
an aliasing signal ha\}ing an aliasing rate. The invention aliases the EM signal according to the
aliasing signal to down-convert the EM signal. The term aliasing, as used herein and as covered
by the invention, refers to both down-converting an EM si gnal by under-sampling the EM signal
at an aliasing rate, and down-converting an EM signal by transferring energy from the EM signal
at the aliasing rate. :

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 frequency modulated (FM) signal, Which is
down-converted to a non-FM signal, such as a phase modulated (PM) signal or an amplitude
modulated (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. Itisnoted that the invention is not limited to the specific embodiments

described herein. Such embodiments are presented herein for illustrative purposes only.
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Additional embodiments will be apparent to persons skilled in the relevant art(s) based on the

teachings contained herein.
The drawing in which an element first appears istypically indicated by the lefimost digit(s)

in the corresponding reference number.
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Brief Description of the Drawings

The present ihvention will be described with reference to the accompanying drawings
wherein: | -

FIGS.1 illustrates a structural block diagram of an example modulator;

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 illustratc 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 éxample signal diagrams related to ﬁ'equéncy 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 convéntional receiver;

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

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 embbdiments 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 _ﬂowchaﬁ of an éxample 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 mtermedlate 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 .fr_equency' 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 embbdiments of
the invention; ' .

FIGS.22A-E 1llustrate example signal diagrams associated with down-converting a digital
PM signal to an lntermedlate frequency signal by under-samplmg accordlng to embodiments of
the invention;

. FIGS. 23A-E 1llustrate example signal dlagrams associated with down- -converting an

-analog PM signal to.an mtcrmedlate frequency signal by under-samplmg according to

embodiments of the invention;

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

FIG.24B 111ustrates an example timing diagram of an under sampling signal according to
an embodiment of the invention;

FIG. 24C illustrates an examplé 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 dxagram of an exemplar\ sample and hold system
according to an embodiment of the invention;

FIG. 26B illustrates a structural block diagram ofan exemp] ary inverted sample and hold
system according to an embodiment of the invention; - '

FIG. 27 illustrates a stfuctural block diagram of sample and hold module according to an

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

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 according to embodiments of
the invention; |

FIGS. 29H-K illustrate example implementations of pulse generators 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 accofding to embodiments of the invention; -

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

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

FIGS .33A-Dillustrate example si gnal diagramé associated with direct down-conversion
of an EM signal to a baseband signal by under-sampling according to embodiments of the present
inverition; | '

FIGS. 34A-F illustrate example signal diagrams associated with an inverted sample and
hold module according to embodiments of the invcnfion; '

FIGS. 35A-E illustrate example signal diagrams associated with directly down-converting
an analog AM signal to a demodulated baseband signal by und‘er—sampling according to
embodiments of the invention; -

FIGS. 36A-E illustrate example signal diagrams associated with down-converting a digital
AM signal to ademodulated baseband signal.by under-sampling according to embodiments of the

invention;
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~ FIGS. 37A-E illustrate example signal diagrams associated with directly down-converting
an analog PM signal to a demedulated baseban& signal | by under—sampling acco:"ding to
embodiments of the invention; )
FIGS. 38A-E illustrate example signal dlagrams assoclated with down-convenmg adigital
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_cmbodix_hents of the ihvention; '
FI.G 42 illustrates a structural block diagram of an inverted sample and hold according
to an embodiment of the present 1nvenuon, _ . § |
FIGS 43A and B 1llustrate example Waveforms present in the circuit of FIG. 31;
FIG. 44A 1]lustrates a struct_urgl block diagram of a dlfferenftlal_ system accordmg to |

' embodiments of the invention;

FIG. 44B illustrates a structural block dlagram ofa dlfferentlal system thh a differential
input and a differential output accordmg to embodiments of the invention;

FIG. 44C illustrates a stmctural block diagram of a differential system witha smgle input
and a differential output accordmg to embodiments of the invention;

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

FIG. 44E illustrates an example .di.fferential input to single output system according to
embodxments of the invention; |

FIGS45A-B 1llustrate a conceptual illustration of ahasmg including under-sampling and
energy transfer accordmg to embodiments of the invention;

FIGS. 46A-D illustrate various flowchart for down-convertmg an EM 51gnal by
tranéferrmg 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;

This Sheet Has Been Replaced
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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 diagrams 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-cdnverting 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;

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 diagrams associated with down-converting an
digital PM signal to an intermediate frequency 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 to embodiments of the invéhtion;

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;
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FIGS. 61A-F illustrate dowh-conv_erti_ng an FM signal to a PM signal according to
embodiments of the invention;

FIGS. 62A-F illustrate _down-co_nvertihg 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 U'ansfer system according to an embodlment 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

embodlments of the mventmn,

FIG. 67A illustrates an example embodlment of the gated transfer module as including a

'_break-before-make module according to an embodiment of the invention;

FIG 67B illustrates anexample tlmmg dxagram for an energy transfer signal according to

an embodlment of the mventlon, '

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. 71 illustrates an example pulse generator;

FIGS. 72A and B illustrate example waveforms related to the pulse generator of FIG. 71;
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FIG. 73 illustrates an example energy transfer module w1th switch module énd areactive
storége module according to an embodiment of the invention; '

FIG. 74 llustrates an example inverted gated transfer module as including a switch module
and a storage module according to an embodiment of the invention;

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 tunmg diagrams 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-'satnp'ling system when the.
holding capacitance has a larger value according to embodiments of the invention;

FIGS. 82A-B illustrate cxample energy transfer systems according to cmbodiments ofthe
invention;

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

FIGS. 84A-D illustrate down—convertmg an FSK s1gnal 1o a PSK signal according to
embodiments of the present invention;

FIG. 85A illustrates an example energy transfer signal module accordmg to an
embodiment of the present invention;

FIG. 85B illustrates a flowchart of state machine operatlon according to an embodiment
of the present invention; -

FIG. 85C is an example energy transfer signal module;

FIG. 86 is a schematic diagram of a circuit to down-convert a 915 MHZ signal toas
MHZ signal uéing a 101.1 MHZ clock according to an embodiment of the present invention;
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. FIG. 87 shows simulation waveforms for the circuit of FIG 86 accordmg to embodiments
of the present invention;
~ FIG.88isa schematic di_'c_lgrém of a circuit to down-converta 915 MHZ signal toa 5 MHz
signal using a 101 MHZ elock aecord_in_g to en embodimenf of the present invention;
_ FIG. 89 shows simulatio_h waveforms for the circuit of FIG. 88 according to embodiments
of the present invention; |
FIG. 90 is a schematic dlagram of a c1rcu1t 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 FI_G. 90 according to an
embodiﬁnent of the present inventien;
FIG. 92 shows a schemattc of the circuit in FIG. 86 connected to an FSK source that
altemates between 913 and 917 MHZ at a baud rate of 500 Kbaud according to an
embodiment of the present mventlon,
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; o S :
~ FIG. 94A illustrates an example energy transfer system accordmg to an embodiment of
the invention; , :
FIGS. 94B- C illustrate example timing dlagrams for the example system of FIG. 94A;
FIG. 95 illustrates an example bypass network according to an embodiment of the
mventlon,
FIG. 96 illustrates an example bypass network accordmg to an embodiment of the
mventlon, _
FIG. 97 illustrates an example embodiment of the invention;
- FIG. 98A illustrates an example real time aperture control circuit according to an
embodlment of the invention;
FIG. 98B illustrates a timing dlagram of an example clock signal for real time aperture
control, accordmg 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;
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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;

F1G.99isablock diagram of a differential system that utilizes non-inverted gated transfer
units, according to an embodiment of the invention;

FIG.100 illustrates an example embodiment 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 example 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. 105;

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 llustrates 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; B '

FIG.1 09F 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;

This Sheet Has Been Rep
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FIG. 114 illustrates aliasing module 11400; -
FIG. 115 illustrates aliasing module 11500;
FIG. 116 illustrates aliasing module 11602;
FIG. 117 illustrates ahasmg module 11702;

. FIGs. 118-120 illustrate s1gnal waveforms associated with aliasing module 11602;
FIGs. 121-123 illustrate S1gna1 waveforms associated with aliasing module 11702.
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;

FIGS. 124C and 124D are example waveforms related to the sphtter 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 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 dlagram of FIG. 125;

FIGS. 126B-126Q are éxample 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 MQSFET embodiment of the invention;

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;

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;

FIG. 135 shows an embodiment of a receiver block diagram to recover the amplitude or

pulse width modulated information;

is Sheet Has Been Replaced
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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 FIG. 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; and | .

FIGS. 146 and 147 illustrate time and frequency domains for a narrow bandwidth/constant

carrier signal in accord with an embodiment of the present invention.
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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. Instcad, 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 interpretéd 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 represénted by the
flowcharts is provided for illustrative purposes 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 oi'dering of steps may differ in various embodiments.

Various terms used in this application are generally described in this section. The *
description in this section is provided for illustrative and convenience purposes only; and isnot .
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.

The term unmodulated carrier sfgna], 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 signat 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 carricr 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 spectrum includes all frequencies greater than zero hertz. EM signals generally

include waves characterized by variations in electric and magnetic fields. Such waves may be

This Sheet Has Been Rep
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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 frequency, intermediate and IF are used
interchangeably 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, refers to a frequency band occupied by any generic
information signal desired for transmission and/or reception.

“The term baséband signal, when uséd 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.
ijically, it 1s the cehter frequepcy 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 by modu_lation, that is capable of carrying information via
modulation. |
- The term demodulated _b_aéeband signal, when used herein, refers to a signal that results
from processing a modulated signal. In some cases, for example, the demodulated baseband
signal results from demodulating 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, refers to a signal that changes between discrete
states, as contrasted to a signal that is continuous. For example, the voltage of a digital signal
may shift between discrete levels.

The term electromagnetic' (EM) spectrum, when used herein. refers to a spectrum
comprising waves characterized by variationsin electric andmagnetic fields. Such waves may be
propagated in any communication medium, both natural and manmade. including but not limited
to air, space, wire, cable, liquid, waveguide, microstrip, stripline, optical fiber, etc. The EM

spectrum includes all frequencies greater than zero hertz.
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The term electromagnetic (EM) signal, when used herein, refers to a signal in the EM
spectrum. Also generally called an EM wave. Unless stated otherwise, all signals discussed
herein are EM signals, even when not explicitly 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.

1.1 Modulation

Itis often beneficial to propagate electromagnetic (EM) signals at higher frequencies. This
includes baseband signals, such as digital data information signals and analog infqrmation signals.
A baseband signal can be up-converted to a higher frequency EM signal by using the baseband
signal to modulate a higher frequency carrier signal, F.. When used in this manner, such a
baseband signal is herein called a modulating baseband signal F, ;.

Modulation imparts changes to the carrier signal F_. that represent information in the
modulating baseband signal F;. The changes can be in the form of amplitude chanées, frequency
changes, phase changes, etc., or any combination thereof. The resultant signal is referred to
herein as a modulated carrier signal F,.. The modulated carrier signal F,, includes the carrier

signal F. modulated by the modulating baseband signal, F,, as in:
Fyp combincd with Fo — Fe

The modulated carrier signal Fy . oscillates at, or near the frequency of the carrier signal F. and
can thus be efficiently propagated.

FIG. 1 illustrates an example modulator 110, wherein the carrier signal F,. is modulated.
by the modulating baseband signal F,,p, thereby generating the modulated carrier signal Fc. -

Modulating baseband signal F,,; can be an analog baseband signal, a digital baseband
signal, or a combination thereof.

FIG. 2 illustrates the modulating baseband signal F,; as an exemplary analog modulating
baseband signal 210. The exemplary analog modulating 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 diséus_sgd below as having f\NQ discrefe states. But the invention is not
limited to this embodiment. _

FIG. 3illustrates the modulating baseband si gnal Fy5 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 td, digital computer information and digitized analog information.
The digital modulating baseband signal 310 includes a first statc 312 and a second state 314. In
an embodiment, first state 312 fépresents binary state 0 and second state 314 represents binary
state 1. Alternati\}ely, first state 312 represents binary state 1 and second state 314 represents
binary state 0. Throughout the remainder of this disclosure, 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 limitéd to this embodimeht. 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 moﬂulating bascband signal 310 can change between first state 312 and second
state 314 at a data fate, or baudTate, measured as bits per second.

Carrier si@ﬂ Fcis modulated by the modlxlatiﬂg baseband signal F,z by any modulation
technique, including, but nof limitéd to, amplitude moﬁulation (AM), frequency modulation (FM),
phase modulation (PM), etc., or'ény c_:qmbination thereof. Examples are provided below for
amplitude modulating, frequency modulating, and phase modulating the analog modulating
baseband signal 210 and the digital modulating baseband signal 310, on the carrier signal F.. The
examples are used to assist m the description of the invention. The invention is not limited to, or
by, the examples. - '

FIG. 4 illustrates 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 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 amplitude modulation (AM), the _an_lplitude of the mb_d_ulated carrier signal Fy,cis a
function of the amplitude of the modulating baseband signal Fyyg. FIGS. 5A-5C illustrate example

timing diagrams for amplitude modulating the carrier signal 410 with the analog modulating
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baseband signal 210. FIGS. 6A-6C illustrate example timing digtams for amplitude modulating
the carrier signal 410 with the digital modulating baseband signal 310.

FIG. 5A illustrates the analog modulating baseband signal 210. FIG. 5B illustrates the
carrier signal 410. FIG. 5C illustrates an analog AM carrier signal 516, which is generated when
the carrier 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 analog 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 generated 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. '

The digital AM carrier signal 616 oscillates at the frequency of carrier signal 410. The
amplitude of the digital AM carrier signal 616 tracks theamplitude of digital modulating baseband
signal 310, illustrating that the information contained in the digital modulating baseband signal 310
is retained in the digital AM signal 616. As the digital modulating baseband éignal 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 F,;;. 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 signal 310.
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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 frequency modulated using the analog modulating baseband signal 210.
" As used herein, the term "analbg_ FM carrier signal" is used to indicate that the modulating

" baseband signal is an analog 51gna]

The frequency of the analog FM carrier 51gna1 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 t1, the amplitude of the analog baseband signal 210 and the

" frequency of the analog FM carrier signal 716 are at maximums. Attime t3, 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’-ar_lalog. FM carrier signal 716 is typically centered around the

" "fréquency of the carrier signal 410. Thus, at time t2, for example, when the amplitude of the
" analog baseband signal 210 is at a mid-point, illustrated here as zero volts, the frequency of the
" analog FM carrier signal 716 is substantially the same as the frequency of the carrier signal 410.

" FIG. 8A illustrates the digital modulating baseband'signal 3 10. FIG. 8B illustrates the

carrier signal 410. FIG. 8C illustrates a digital FM carrier signal 816, which is generated when

the carrier signal 410 is frequency modulated using the digital baseband signal 310. As used
herein, the term "digital FM carrier signal” is used to indicate that the modulating baseband signal
isa .di'gital signal.- _

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 proportion to the amplitude of the digital modulating
baseband signal 310. Thus, between times t0 and t1, and between times 2 and 14, when the
amplitude ofthe di gital 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 tl and t2, when the
amplitude of the digital baseband signal 3 10 is at the lower amplitude first state. the frequency of
the digital FM carrier signal 816 is at aminimum. Digital frequency modulation is often referred
to as frequency shift keying (FSK), and the terms are used interchangeably throughout the

specification.

This Sheet Has Been Replaced ~
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Typically, the frequency of the digital FM carrier signal 816 is centered about the
frequency of the carriér signal 410, and the maximum and minimum frequencies are equally offset
from the center frequency. Other variations can be employed but, for ease of illustration, this

convention will be followed herein.

1.1.3 Phase Modulation

- In phase modulation (PM), the phase of the modulated carrier signal F,,. varies as a
function of the amplitude of the modulating baseband signal F;5 FIGS. 9A-9C illustrate example
timing diagrams 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 illustrates 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. Asused herein, the
term "analog PM carrier signal" is used to indicate that the modulating baseband signal is an
analog signal. _ '

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

The phase of the analog PM carrier signal 916 varies as a function of amplitude changes
of the analog baseband signal 210. In the illustrated example, the phase of the analog PM signal
916 lags by a varying amount as determined by the amplitude of the baseband signal 210. For
example, at time t1, 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 éxam;:le, the phasé 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.
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FIG. 10A illustrates the digital modulating baseband signal 310. FIG. 10B illustrates the
carrier signal 410. FIG. 10C illustrates a digital PM carrier signal 1016, which is generated by
phase modulating the carrier signal 410 with the digital baseband signal 310. Asused herein, the
term "digital PM carrier signal” isused to indicate that the modulating baseband signal is a digital
signal.

The frequency of the digital PM carrier signal 1016 is substantially 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 digital baseband signal 310. Inthe illustrated example, when
the digital 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 t1 and t2, when the amplitude of the digital 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 ar'nplitude of the digital baseband signal 310 is at the

~ second state 3 14, the digital PM carrier signal 1016 is in phase with the carrier signal 410.

In the illustrated example, the out of phase value between times t1 and t3 is illustrated as
approxiinately 180 degrees out of phase. ‘Any suitable aihount of phase change, varied in any
manner that is a function of the baseband signal, can be utilized. Digital phase modulation is often
referred to as phase shift keying (PSK) , and the terms are used interchangeably throughout the

specification.

1.2  Demodulation

. When the modulated éarricr signal F,. is received; it can be demodulated to extract the
modulating baseband signal Fz. Because of the typically high frequency of modulated carrier
signal Fyc, hoWev_er. it is generally impractical to demodulate the baseband signal Fyyg directly
from the modulated carrier signal Fy,c. Instead, the modulated carrier signal F),. must be down-
converted to a lower frequency signal that contains the original modulating baseband signal.

When a modulated carrier signal is down-converted to alower frequency signal. the lower
frequency signal is referred to herein as an intermediate frequency (IF) signal F ;. The IF signal
F,¢ oscillates at any ﬁequency, or frequency band, below the frequency of the modulated carrier

frequency F,,c. Down-conversion of Fy to F; is illustrated as:
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Fuc™Fe =

After F,cisdown-converted to the IF modulated carrier signal Fy;, F; can be demodulated

1o a baseband signal F,,,, as illustrated by:
FlF - FDMB

Fpup is intended to be substantially similar to the modulating baseband signal F,p, illustrating that
the modulating baseband signal F,, can be substantially recovered. '

~ It will be emphasized throughout the disclosure that the present invention can be
implemented with any type of EM signal, including, but not limited to, modulated cérrier signals -
and unmodulated carrier signals. The above examples of modulated carrier signals are provided
for illustrative purposes only. Many variations to the examples are possible. - For example, a

carrier signal can be modulated with a plurality of the modulation types described above. A

 catrier 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 techniques follow the Nyquist sampling theorem, which
states that, in order to faithfully reproducé a sampled 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 equal 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 reproduce a sampled signal.

2.1  Aspects of the Invention

_ Contrary to conventional wisdom, the present invention is a method and system fordown- -
converting an electromagnetic (EM) signal by aliasing the EM signal. Aliasing is represented
generally in FIG. 45A as 4502.
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By taking a carrierand 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 critefia and as a result, the baseband information can be sufficiently
reproduced.

FIG. 12A depicts a flowchart 1201 that illustrates a method for aliasing an EM signal to
generate a down-converted signal. The process begins at step 1202, which includes receiving the
EM signal. Step 1204 includes receiving an aliasing signal having an aliasing rate. Step 1206
inchudes aliasing the EM signal to down-convert the EM signal. The term aliasing, asused herein,
refers to both down-converting an EM signal by under-sampling the EM signal atan éliasing 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 generic aliasing system 1302, which includes an

aliasing module 1306. Inan embodiment, the aliasing system 1302 operates in accordance with

the flowchart 1201. For example, in step 1202, the aliasing module 1306 receives an EM signal
1304. Instep 1204,'-:the aliasing module 1306 receives an ﬂiasing signal 1310. Instep 1206, the
aliasing module 1306 down-converts the EM signal 1304 to adown-converted si gnal 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-

samp’ling 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 anEM si gnal. Step 1210includesreceiving
an aliasing signal having an aliasing rate F ;. 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 sxgnal to a demodulated baseband signal. The process begins at step
1214, which mcludes recelvmg an EM 31gnal Step 1216 includes receiving an aliasing signal

having analiasing rate F ;. Step 1218 includes down-converting the EM signal to ademodulated
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baseband signal. The demodulated ‘baseband signal can be processed withov_.it further down-
conversion or demodulation.

In another embodiment, the EM signal is a frecjuency modulated (FM) signal, which is
down-converted to a non-FM signal, such as a phase modulated (PM) signal or an amplitude
modulated (AM) signal. FIG. 12D depicts a ﬂdwchart 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 receiving an 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 eése of discussion, the invention
is further described herein using modulated carrier signals for examples. Upon readmg 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 II 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 III.

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 aliasing rate and to down-converting an EM signal by transferring
energy from the EM signal at the aliasing rate. 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 illustmtes 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 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 II.
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2.2.1 Down-Converting to an Intermediate Frequency (IF) Signal

Inan embodiment, an EM signal is under-sampled at an aliasing rate to down-convert the
EM signal to a 'lbwer, or intermediate frequency (IF) signal. The EM signal can be amodulated
carrier signal or an unmodulated carrier signal. In an exemplary example, a modulated carrier

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

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 having an aliasing rate. Step 1412 includes under-sampling the EM signal at the
-aliasing rate to down-convert the EM.signal to an IF s1gnal

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

L1

2.2.2 Direct-to-Data Down-Converting '

In another. embbdiment, an EM signal is directly dbwn-cohverted to a demodulated
baseband signal (direct-to-data down-conversion), by under-sampling the EM signal at an aliasing
rate. The E.M signal can be a moduiated EM signal or an unmodulated EM signal. In an
exemplary embodiment, the EM signal is the modulated carrier signal F,,c, and is directly down-

converted to a demodulated baseband signal Fpyp.
Fuc = Foms

FIG. 14C depicts a flowchart 1413 that illustrates a method for under-sampling the EM
signal at an aliasing rate to d'ix_'ectly down-convert the EM signal to a demodulated baseband
signal. The pfoceés begins at step 1414, which includes receiving an EM sigxial. Step 1416

includes receiving an under-sampling signal having an aliasi'_hg rate. Step 1418 includes under-
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sampling the EM signal at the aliasing rate to directly down-convert the EM signal to a baseband
information signal.

This embodiment is illustrated generally by 4510 in FIG. 45B and is described in Section
L2

2.2.3 Modulation Conversion

In another embodiment, a frequency modulated (FM) carrier signal Fp,,. is converted to

a non-FM signal Fyonpumy, by under-sampling the FM carrier signal Fpyc.

Frme ™ Fovonrm

FIG. 14D depicts a flowchart 1419 that illustrates a method for under-sampling an FM

_signal to convert itto 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’
anon-IM signal. For example, the FM signal can be under-sampled to convert it to a PM signal
or an AM signal. |

This embodiment is illustrated generally by 4512 in FIG. 45B, and described in Section
1.3

2.3  Down-Converting by Trén.gferring Energy

The term aliasing, as used herein, refers both to down-converting an EM signal by under-
sampling the EM signal at an aliasing rate and to down-converting an EM signal by transferring
non-negligible amounts energy from the EM signal at the aliasing rate. Methods for transferring
energy from an EM signal to down-convert 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
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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 traihsferring energy is illustrated by 4506 in FIG. 45A and is
described in greater detail in Section IIL..

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 Fyc is down-converted to an [F signal F,..
Fuc = Fe

FIG. 46B dépicts a ﬂowéha_r-t 4607 that illustrates a method for transferring energy from
tfxe_ EM .s_ignall at an aliasing rate to down-convert the EM .signal, to an IF signal. The process
begins af: step 4608, which includes receivi;ng an EM signal. Step 4610 includes receiving an
energy transfer signal having an aliasing rate. Step4612 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 generaliy by 4514 in FIG. 45B and is described in Section
I.1.

2.3.2 Direct-to-Data Down-Converting

In another embodiment, an EM signal is down-converted to a demodulated baseband
signal by trahsferring energy from the EM signal at an aliasing rate. This embodiment is referred
to herein as dircct-to-data down-conversion. The EM signal can be a modulated EM signal or
anunmodulated EM signal. Inan exemplary embodiment, the EM signal is the modulated carrier

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

Fuc = Fome
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FIG. 46C depicts a flowchart 4613 that illustrates a methd 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 begins at step 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 gencrally by 4516 in FIG. 45B and is described in Section
L2

2.3.3 Modulation Conversion

In another embodiment, a frequency modulated (FM) carrier signal Fr,, is converted to. .
a non-FM signal F o ) by transferring energy from the FM carrier signal Fy,,. at 'ar_l aliasing
rate.

Feme = Foonrn

The FM carrier signal Fy,, can be converted to, for example, a phase modulated (PM) signal or
anamplitude 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
recéiving the FM signal. Step4622 includes receiving an energy transfer signal having an aliasing
rate. In FIG. 46D, step 4612 includes trdnsferring 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 itto a PSK
signal or an ASK signal.

This embodiment is illustrated generally by 4518 in FIG. 45B, and described in Section
I3

2.4 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
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frequency component of the modulating baseband signal Fy that is to be reproduced. The above

requirements are illustrated in EQ. (1).
2 o Fy,c 2 F 5 >2 « (Highest Freq. Component of Fyg) EQ. (1)

In other words, by taking a carrier and aliasing it at an aliaéing rate, the invention can
down-convert that carrier to lower frequencies. One aspect that can be exploited by thisinvention
is that the carrier is not the item of interest; instead the lower baseband signal is of interest to be
reproduced sufficiently. 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 Fpyp.

. Inaccordance 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=neFpp+Fp S EQ.(2)
Where:

F, is the frequency of the EM carrier signal that is to be alxased

F,g 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, ;) 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 ]evel descrlptlons, exemplary embodxments and exemplary 1mplementanons of the

above and other embodiments of the 1nventxon are provxded in sections below.
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3. - - Benefits of the Invention Using an Example Conventional Receiver Jor 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. |

 Inoperation, each of the one or more mixers 1118 mixes an input EM signal 1116 with
a local oscillator (LO) signal 1119, which is 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.
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Specifically, in the example of FIG. 11, the one or more mixers 1118 generate a sum and
difference signals for all signal éomponents in the input EM signal 1116. For example, when the
EM signal 1116aincludes 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

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 upstréam 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, combihations thereof, etc.

| Typically, the one or more mixers 1118 and the onc or more filters 1122 and 1123
étienﬁate or reduce the strength of the EM signal 1104. For example, a typical mixer reduces the
EM 31gnal strength by 8to 12dB. A typlca] filter reduces the EM signal strength by 3 to 6 dB.

* Asaresult, one or more lownoise amphﬁers (LNAs) 1121 and 1124a-1124n are provided
ups_tream of the one or more filters 1123 and 1122a-1122n. The LNAs and filters can be in
reversed order. The LNAs compensate for losses in the mixers 1118, the filters 1122 and 1123,
and other 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 mcjuire 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. Asaresult, impedance matching in conventional receivers

tends to be labor intensive and more art than science. Impedance matching requires a significant
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amount of added time and expense to both the design and manufacture of conventional receivers.
Since many ofthe components, suchas LNA, filters, and impedance matching circuits, are highly
frequency dependent, a receiver designed for one application is generally not suitable for other
applications. Instead, anew 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 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 ﬁmy 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. The UFT is able to down-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 isimplemented 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. | |

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
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thus eliminates the roughly eighty to ninety percent of the total components of conventional
receivers. .
Other advantéges of the invent_io_n include, but are not limited to:
The invention can be implemented as a receiver with only a single local oscillator;
5 The invention can be implemented as areceiver with only a single, lower frequency, local
.".oscillator; _ '
The invention can be implemented as a receiver using few filters;

The invention can be implem_énted asa rec_e__:ii_zer using unit delay filters;

The invention can be implemented as a receiver that can change frequencies and receive
10 _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 canbealsobe implemented asa combination up-converter (transmitter) and
_ down-converter (receiver), referred to herein as a transceiver;
15 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 implemented on a single IC

| | substrate, such as a silicqn-béseﬂ IC substrate;
A fedéiflér-dcsigned in accordance with the invenﬁon and implémcnted on a single IC
| 20 .. _ o subé.trate, suchas asilicon-based IC substrate, can down-convert EM si gnals from
frequencies in the giga Hertz range; |
A receiver built in accordance with the invention has a relatively flat responsé overawide
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

25 response (i.e., p_lus 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 acc.orc_lance 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.
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II. - Down-Converting by Under-Sampling

L Down-Converting an. EM Carrier 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 F,,- in FIG. 1, as an example.
In the example, the modulated carrier signal F\,. is down-converted to an IF signal Fj.. The IF
signal F; can then be demodulated, with any conventional demodulation technique to obtain a
demodulated baseband signal Fy,,5. Upon reading the disclosure and examples therein, one skilled
inthe relevant art(s) will understand that the invention can be implemented to down-convertany
EM signal, including but not limited to, modulated carrier signals and unmodulated carrier signals.

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-lcvel desérip_tibn of down-
converting an EM signal to an IF signal F;; according to the invention. In particular, an
operational process of under-sampling a modulated carrier signal F,, to down-convert it to the
IF signal F, is described at a high-level. Also, a structural implementation for implementing this
process is described at a high-levél. 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
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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-bonvert the EM ‘signal to an intermediate signal F;;. 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-
'cthextrany type of EM signal, including any form of modulated carrier signal and unmodulated
cérrier signals. - '

The method illustrated in the flowchart 1407 is now described 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 portién 1510 of the AM carrier signal 616,
between time t1 and t2, on an expanded time scale. '

The process begins at step 1408, which includes recewmg an EM signal. Step 1408 is
represented by the digital AM carricr 51gna1 616.

Step 1410 includes receiving an under-sampling signal having an aliasing rate F,z FIG.
15B illustrates an example undei'-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
ahasmg 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 31gnal FIF - When down-convertlng an EM signal to an IF signal,
the frequency or aliasing rate of the pulses 1504 sets the IF. |

FIG. 15C illustrates a stalr step AM intermediate 51gnal 1506 which is generated by the
down-conversion process. The AM intermediate signal 1506 is similar to the AM carrier signal

616 except thatthe AM intermediate signal 1506 has alower frequency than the AM carrier signal
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616. The AM carrier 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. Inan
alternative embodiment, the invention outputs a stair step, non-filtered or partially 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
AM intermediate signal 1506, can be determined from EQ. (2), which is reprbduced below for

convenience.
Fe=n-F=Fp _ EQ. (2)

A suitable aliasing rate F ,; can be determined in a variety of ways. An cxample method
for determining the aliasing rate F g, is provided below. Afterreading the description herein, one .
skilled in the relevant art(s) will understand how to determine appropriét_e aliasing rates for EM.
signals, including ones in addition to the modulated carrier signals specifically illustrated herein. -

InFIG. 17, aflowchart 1701 illustrates an example process for determining an aliasing rate .
F,r- Buta 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 caﬁ be
determined, or selected, to match a frequency requirement of a down-stream demodulator. The
intermediate frequency can be, for example, 1 MHZ. _

Step 1706 includes determining the aliasing rate or rates that will down-convert the EM
signal to the IF specified in step 1704.

EQ. (2) can be rewritten as EQ. (3):

ne*Far = Fc £ Frr _ EQ. (3)
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Which can be rewritten as EQ. (4): .

0 - Fc:Fir
Far

EQ. (4)

| oras EQ. (.'5):

Fc:Fr | EQ )

“Far =

(F £ F¢) can be defined as a difference value For» as illustrated in EQ. (6):
 (FexF)=Fom EQ. (6)

" EQ. (4)canbe mmif@en asEQ.(7):

n . FowEs ) EQ. (D)
Far . )

From EQ. (7), it can be seen that, for a given n and a constant Fg, Fryer is constant. For
the case of le>an =F.-F, and fora constant Fpip» as F¢ increases, Fyp necessarily increases. For
the case of Fyyer = F + Fy, and for a constant Fpuras Fc increases, Fy. necessarily decreases. In
the latter case of Fryee = Fc + Fyp, any phase or frequency chahges on F, correspond to reversed
or inverted phase or frequency changes on Fyz. This is mentioned to teach the reader that if Fpye
=F.+F; 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 validn. A suitable n can be determined for any
given difference frequency Fpz and for any desired aliasing rate Fgpesireay EQs. (2) through (7)
can be utilized to identify a specific harmonic closest to a desired aliasing rate F g pesires) that will

generate the desired intermediate signal Fy..
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Anexample is now provided for determining a suitable n fora given difference frequency
Foue and for a desired aliasing rate F g pegireq). For ease of illustration, only the case of (F¢. - Fyy)

is illustrated in the example below.

_ Fc-Fr Fﬁlrr

FAR(I)uiud) - FARu)u;mn

- The desired aliasing rate F g pi.q) 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:

_ 901 MHZ - lMHZ_2Q9_64'
140 MHZ T 140

The initial value 6.4 can be rounded up or down to the valid nearest n, which was defined above
asincluding (0.5, 1,2, 3, .. .). Inthis example, 6.4 is rounded down to 6.0, which is inserted into
EQ. (5) for the case of (F - Fyp) = Fpeg.:

) F

"Fu-'
n

Far -

- 901 MHZ6—1 MHZ. 90024H2=150MHZ

In other words, under-sampling a;901 MHZ EM cérrier signal at 150 MHZ generates an
intenﬁediéte signal at | MHZ. When the uhder—sampled EM carrier signal is amodulated carrier
signal, the intermediate signal will also substantially include the modulation_. The modulated
intenhediate signal dan be demodula_ted throﬁgh any conventional demodulation technique.

Alternatively, instead of starting ﬁorﬁ adesired aliasing rate, a list of suitable aliasing rates
can be determined from the modified form of EQ. (5), by solving for various values of n. Example

solutions are listed below.

. (FC~FIF)_FD[F)= 901 MHZ~-1 MHZ 900MHZ
B n 1o n ) n

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

900MHZ/0.5 = 1.8 GHZ (i.e., second harmonic, illustrated in FIG. 25A as 2502);
900MHZ/1 = 900 MHZ (i.c., fundamental frequency, illustrated in FIG. 25B as 2504);
900MHZ/2 =450 MHZ (i.e., second sub-harmonic, illustrated in FIG. 25C as 2506);
900MHZ/3 = 300 MHZ (i.e., third sub-harmonic, illustrated in FIG. 25D as 2508);
900MHZ/4 = 225 MHZ (i.e.. fourth sub-harmonic, illustrated in FIG. 25E as 2510);
900 MHZ/5 = 180 MHZ(i.e., fifth sub-harmonic, illustrated in FIG. 25F as 2512); and
1900 MHZ/6 = 150 MHZ(i.e., sixth sub-harmonic, illustrated in FIG. 25G as 2514).

The steps descnbed above can be performed for the case of (F-+F;) in a similar fashion.

- Theresults can be compared to the results obtained from the case of (F-F ) to determine which

- provides better result for an application.

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

S vin the range of, for example, 100KHZ to 200 MHZ. In another embodiment, referred to herein
“asa small off-set implementation, the invention down-converts an EM signal to a relatively low
' 'frequency of, for example, Jess than 100 KHZ. In another embodiment, referred to herein as a
large off-set implementation, the invention down-converts an EM signal to a relatively higher IF

~signal, such as, for example, above 200 MHZ.

The various oﬂ'—set'implementations provide selectivity for different applications.

Generally, lower datarate apphcatlons can operate at lower intermediate frequencies. But higher

intermediate frequencnes can allow more mformatmn to be supported for a given modulation

techmque
In accordance w1th the mvennon, adesi gner p:cks an optlmum information bandwidth for
an apphcatlon and an optxmum intermediate frequency to support the baseband signal. The

intermediate frequency should be high enough t0 support the bandwidth of the modulating

| baseband s:gnal Fus-

Generally, as the aliasing rate approaches a harmonic 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.
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Aliased frequencies occur above and below every harmonic of the aliasing frequenc_y . In
order to avoid mapping other aliasing frequencies in the band of the aliasing frequency (IF) of
interest, the IF of interest is preferably not near one half the aliasing rate.

" Asdescribed 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 ina wide range of applications.
Conventional systems cannot easily offer, or do not allow, this level of flexibility in frequency

selection.

11.2 Structural Descripiion-

FIG. 16 illustrates a block diagram of an under-sampling system 1602 according 1o an
embodiment of the invention. The under-sampling system 1 602 is an example embodnmcnt ofthe
generic aliasing system 1302 in FIG. 13. The under-sampling system 1602 mcludes an under-
sampling module 1606. The under-sampling module 1606 receives the EM s1gnal 1304 and an
under-sampling signal 1604, which includes under-sampling pulses having negligible apertures that
tend towards zero time, occurring at a frequency equal to the aliasing rate F,-\R. The un&_er-
sampling signal 1604 is an example embodiment of the aliasing si gnal 1310. The lund_er—samp_l:ing
module 1606 under-samples the EM signal 1304 at the aliasing rate F, of the under-sampl_ing
signal 1604. The under-sampling system 1602 outputs a down-converted signal 1308A.

Preferably, 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, the aliasing rate F g of the under-sampling signal
1604 is chosen in the manner discussed in Section IL.1.1.1 so that the under-sampling module
1606 under-samples the EM carrier signal 1304 generating the intermediate frequency Fi;.

The operation of the under-sampling system 1602 is now describéd With reference to the
flowchart 1407 and to the timing diagrams in FIGS. 15A-D. In step ]l408, the under-sampling
module 1606 receives the AM signal 616 (FIG. 15A). Instep 1410, the under—sampling module
1606 receives the under-sampling signal 1502 (FIG. 15B). In step 1412, the under-sampling
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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 sig_hal Fi,

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 descriptions below are
intended to facilitate an understanding of the present invention. The present invention is not

limited to or by the excmplary embodiments below.

1.2.1 First Example Embodiment: Amplitude Modulation
1.2.1.1 Operational Description

Operaﬁon 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. ' '
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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 reference 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. InFIG. 19B, an analog AM
carrier signal 1904 illustrates a portion of the analog AM carrier signal 516 on an expanded time
scale.

The process begins at step 1408, which includes 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-harmonic of the difference frequency Fy,;. 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 aliasfng 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 approximately 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 ofthe analog AM signal 516. For example, under-sample point1905A
has a larger amplitude than under-sample point 1905B.
In FIG. 19D, the under-sample points 1905 correlate to voltage points 1908. In an
embodimeht, the voltage points 1908 form an analog AM intermediate signal 1910. This can be

accomplished in many ways. For example, each voltage point 1908 can be held at a relatively
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constant level until the next voltage point is received. Thisresults in a stair-step output whichcan
be smoothed or filtered if desired, as discussed below.

InFIG. 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
signal 1912 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 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. -

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. 6C to a digital
AM intermediate signal is now described with reference to the flowchart 1407 in FIG. 14B. The
digital AM carrier signal 616 is re—illusﬁated in FIG. 18A for convenience. For this example, the
digital AM carrier signal 616 oscillates at approximately 901 MHZ. InFIG. 18B, an AM carrier
signal 1804 illustrates a poﬁion of the AM signal 616, from time t0 to t1, on an expanded time
scale. _ _

The process begins at step 1408, which includes receiving an EM signal. This is
represented by the AM signal 616 in FIG. 18A.

Step 1410 includes receiving an under-sampling signal having an ahasmg rate F .. FIG.
18C illustrates an example under-sampling signal 1806 on approx1mately the same time scale as
FIG. 18B. The under-sampling signal 1806 incluﬁes a train of pulses 1807 having negligible
apertures that tend towards zero time in duration. The pulses 1807 répeat at the aliasing rate, or

pulse repetition rate, which is determined or selected as previously described. Generally, when
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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 FDIFI- For this example,
the aliasing rate is approx1mately 450 MHZ.

Step 1412 includes under-sampling the EM signal at the ahasmg rateto down-convert the
EM signal to the intermediate signal F);.. 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 616. As
aresult, the under-sample points 1805 capture various amphtudes of the AM s1gnal 616. Inthis
example, the under-sample points 1805 walk through the AM carrier signal 616 at approx1mately
a1 MHZ rate. For example, under-sample point 1805A has a larger amplitude than under-sample
point 1805B. _

In FIG. 18D, the under-sample points 1805 correlate to voltage points 1808. In an
enibodiment, 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 relatiirely
constant level until tﬁc next vbltage pointis réceived. Thisresults in a stair-step output which can
be smoothed or filtered if desired, as discussed below.

InFIG. 18E, an AM intermediate signal 1812 represents the AM intermediate signal 1810,
after filtering, on a compressed ﬁme scale. Although FIG. 18E illustrates the AM intermediate
signal 1812 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
apﬁlications.

The AM intermediate signal 1812 is substantially similar to the AM carrier signal 616,
except that the AM intermediate signal 1812 is at the ] 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 Signa‘l 1810 in FIG. 18D and the AM
intermediéte signal 1812 in FIG. 18E illustrate that the AM carrier signal 616 was successfully
down-converted to an intermediate signal by retaining enough baseband mfonnat1 on for sufﬁcxent

reconstruction.
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. 1.2.1.2 Structural Description

The operation of the under—samphng system 1602 is now descnbed for the analog AM
carrier signal 516, with refercnce to the flowchart 1407 and tothe tlmmg dlagrams of FIGS. 19A-
E.In step 1408, the under-samplmg modulc 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—samplmg module 1606 under-samples the AM carrier SIgna] 516
at the ahasmg rate of the under-samphng s1gnal 1906 to down-convert it to the AM 1ntermed1ate
sngnal 1912 (F1G. 19E).

The operatlon of the under-sampling system 1602 i is now descnbed for the digital AM
camer -signal 616, with reference to the ﬂowchart 1407 and to the tlmmg diagrams of FIGS. 18A-
E. In step 1408, the under-samplmg module 1606 receives the AM carrier signal 616 (FIG. 18A).
In step 1410, the under-samplmg module 1606 receives the under-sampling signal 1806
(FIG 18C). Instep 1412, the under-samphngmodule 1606 under-samples the AM carrier signal

_616 at the aliasing rate of the under-samplmg signal 1806 to down-convert it to the AM
| 3 mtermednate sngnal 1812 (FIG. 18E)

Example implementations of the under-samplmg module 1606 are prov:ded in Sections

4 and 5 below.

1.2.2 _ Second Example Em@odirﬁent: Frequency Modulation
1.2.2.1 Operational Description

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

L2.2.1.1 Analog FM Carrier Signal

A process.for dowh-cohvérting the.analog FM carrier signal 716 to an analog FM
intermediate signal is now descfibed with reference to the flowchart 1407 in FIG. 14B. The
analog FM carrier signal 716is re-lllustrated inFIG. 20A for convemence For this example, the
analog FM carrier signal 716 osc1llates at approxlmately 901 MHZ. In FIG. 20B, an FM carrier
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signal 2004 illustrates a portion of the analog FM carrier signal 716, from tix_ne tl tot3, onan
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 pulées 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 FAR is substantially equal to a
harmonic or, more typically, a sub-harmonic of the difference frequency Fy. For this example, .
where the FM carrier signal 716 is centered around 901 MHZ, the aliasing rate is approximately
450 MHZ. o
| Step 1412 includes under-sampling the EM signal at the aliésing rate to down-convert the
EM signal to the intermediate signal F;. Step 1412 is illustrated in FIG. 20B by uhder—sample ;
points 2005. o

Because a harmomc of the ahasmg rate is oﬂ'—set from the FM carrier s1gna] 716, the
under-sample points 2005 occur at different locations of subsequent cycles of the under-sampled :
signal 716. In other words, the under-sample points 2005 walk through the signal 716. Asa -
resﬁlt, 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 ways. For example, each voltage point 2008 can be held at a relatively
constant level until the next voltage pointisreceived. This results in a stair-step output which can
be smoothed or filtered if desireci, as discussed below. _

InFIG. 20E, an FM intermediate signal 2012 illustrates the FM intermediate signal 2010,
after filtering, on a compressed time scale. Although FIG. 20E illustrates the FM .intermediate
signal 2012 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 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
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intermediate signal 2012 can b_e.demodulated through any conventional ™M demodulation
technique.

The drawings referred to herein illustrate frequency down-conversion in accordance with
the invention. For example, the FM intermediat_e. 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.

12.2.1.2 Digital FM Carrier Signal

A process for down-convertihg the digital FM carrier signal 816 to a digital FM
1ntermcd1ate 31gnal is now described w1th reference to the flowchart 1407 in FIG. 14B. The
di g:tal FM carrier signal 816is re-lllustrated in FIG. 21A for convenience. For this example, the

- .. digital FM carrier s1gnal 816 oscillates at approximately 901 MHZ. InF 1G. 21B, an FM cartier
2 mgnal 2104 111ustrates a portlon of the FM carrier signal 816, from time t1 to t3, on an expanded

_-time scale.

- The process begms at step 1408, which includes receiving an EM s1gnal This is
represented in FIG. 21A by the FM camer signal 816.

Step 14 10 includes recewmg an under—samplmg signal havmg an aliasing rate F .. FIG.

. 21C 1llustrates an example under-sampling s1gnal 2106 on approximately the same time scale as

FIG. 21B. The under-sampling signal 2106 includes a train of pulses 2107 having negligible
apertures that tend toward zero time in duratlon The pulses 2107 repeat at the aliasing rate, or

pulse repetmon rate, which is determined or selected as prevmusly described. Generally, when

- down-converting to an intermediate signal, the aliasing rate F,; is substantially cqual to a

harmonic or, more typically, a sub-harmonic of the difference frequency Fyy. In this example,
where the FM carrier signat 816 is centered around 901 MHZ, the aliasing rate is selected as
approximately 450 MHZ, which is a sub-harmonic of 900 MHZ, which is off-set by 1 MHZ from
the center frequency of the FM carrier signal 816. |

Step 1412 includes under-saihpling the EM signal at the aliasing rate to down-convert the
EM signal to an intermediate signal Fj. Step 1412 is illustrated in FIG. 21B by under-sample
points 2105.
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- 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-sample points 2105 walk through the signal 816. Asa
result, the under-sample points 2105 capture various amplitudes of the signal 816.

Iﬂ 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
accomplished in many ways. For example, each voltage point 2108 can be held at a relatively
constant level until the next voltage pointisreceived. Thisresults in a stair-step output which can
be smoothed or filtered if desired, as described below.

InFIG. 21E, an FM intermediate signal 2112 represents the FM intermediate signal 2110, .
after filtering, on a compressed time scale. Although FIG. 21E illustrates the 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 signal 21 12is substantially similar to th"é'FM carrier signal 816,
except that the FM intermediate signal 2112 is at the 1 MIIZ intermediate frequency. The FM
intermediate signal 2112 can be demodulated through any conventional FM demodulation
technique. -

| 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 caniér signal 816 was successfully
down-converted to an intermediate 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 timing diagrams of FIGS. 20A-E.
In step 1408, the under-sampling module 1606 receives the FM carrier signal 716 (FIG. 20A).
In step 1410, the under-sampling module 1606 receiv.es the under-sampling signal 2006 (FIG.
20C). In step 1412, the under-sampling module 1606 under-samples the FM carrier signal 716
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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, withreference 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). Instep 1412, the undef-sémpling 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 Operationai Description

Operat:on of the exemplary process of the flowchart 1407 in FIG. 14B is described below
for'the analog PM camer signal 916, illustrated in FIG. 9C, and for the digital PM carrier signal
1016, 1llustrated in FIG 10C. ' "

1.23.1.1 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 in FIG. 23A for convenience. For this example, the
analog PM carrier signal 916 oscillates at approximately 901 MHZ. In FIG. 23B, a PM carrier
signal 2304 illustrates a portion of the analog PM carrier signal 916, from time t1 to t3, 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 recewmg an EM mgna] This is represented in FIG. 23A, by
the analog PM carrier signal 91 6.

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
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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,; is substantially equal to a
harmonic or, more typically, a sub-harmonic of the difference freciuency Fpie- In this example,
the aiiasing rate is approximately 450 MHZ. | |

Step 1412 includes undér;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 6an'ier signal 916, the
under-sample points 2305 occur at different locations of subsequent cycles of the PM carrier
signal 916. As a result, the under-samplé points capture various amplitudés of the PM carrier
signal 916, | | -

In FIG. 23D, voltage poinfs 2308 correlate to the under-sax_nple. points 2305. In an

embodiment, the voltage points 2303 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

constant level until the next voltage point is received. This results iﬁ a stair-step output whichcan .
be smoothed or filtered if desired, as described below. .

InFIG. 25E, an analog PM intermediate signal 2312 illustrates the analog PM intehnediate _
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 similar 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 demodixlated through any
conventional PM demodulation technique. _

The drawings referred to herein illustrate frequency down-con_vers:ion inaccordance 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.
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- 1.2.3.1.2 - Digital PM Carrier Signal

A process for down-convemng the dlgxtal PM camer signal 1016 to a digital PM
intermediate signal is now descnbed with reference to the ﬂowchart 1407 in FIG. 14B. The
d1g1ta1 PM carrier signal 1016 is re-111ustrated inFIG. 22A for convemence For this example, the
digital PM carrier signal 1016 oscillates at approxlmately 901 MHZ. InFIG. 22B a PM carrier
s1gnal 2204 illustrates a portlon of the digital PM carrier s1gnal 1016, from time t1 to t3, on an
expanded time scale.

. The process begms at step 1408, which mcludes receiving an EM signal. This is
represented in FIG. 22A by the dngltal PM carrier signal 1016.

- Step 1408 includes recelvmg an under-samphng 51gnal havmg an al1asmg rate F,z. FIG.
220 1llustrates example under-sampling signal 2206 on approx1mately the same time scale as F1G.
22B. The under-samphng signal 2206 includes a train of pulses 2207 having negligible apertures
that tend towards zero time in duratlon The pulses 2207 repeat at the aliasing rate, or a pulse

_ repetmon rate, whlch is determtned or selected as prevmusly described. Generally, when down-

convertmg to an intermediate signal, the aliasing rate F ,y is substantially equal to a harmonic or,
more typically, asub-harmonic of the diﬁ'erenee frequency Fpyp;. Inthis example, the aliasing rate
is apprommately 450 MHZ. | - ..

Step 1412 includes under-sampling the EM sxgnal atthe ahasmg rate to down-convert the
EM signal to an intermediate signal Fyz. Step 1412 i is illustrated 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 different locations of subsequent cycles of the PM carrier
51gnal 1016.

In FIG. 22D, voltage pomts 2208 correlate to the under-sample points 2205. In an
embodiment, the voltage points 2208 form adigital analog PM intermediate signal 2210. This can
be accomplished in many ways. For example, eaeh voltage point 2208 can be held at a relatively
constant level until the next voltage point is received. Thisresults ina stair-step output which can
be smoothed o filtered if desired, as described below.

InFIG. 22E, a digital PM intetmediate signal 2212 represents the digital PM intermediate
signal 2210 onacompressed time scale. AlthoughFIG.22E illustrates the PM intermediate signal
2212 as a filtered output signal, the output signal does not need to be filtered or smoothed to be
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within the scope of the invention. Instead, the output signal can be tailored for different
applications.

The digifal PM intermediate signal 2212 is substantially similar to the digital PM carrier
signal 1016, except that the digital PM intermediate signal 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 diagrams of FIGS. 23A-E. -
In step 1408, the under-sampling module 1606 receives the PM carrier signal 916 (FIG. 23A). .
In step 1410, the under-sampling module 1606 receives the under-sampling signal 2306 (FIG.
23C). In step 1412, the under-sampling module 1606 under-samples the PM carrier signal 916
at the aliasing rate of the under-sampling signal 2306 to down-convert the PM carrier signal 916
to the PM intermediate signal 2312 (FIG. 23E). '

The operatidn of the undcr-sampiing 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 step 1408, the under-sampling 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 intermediate signal 2212 (FIG. 22E).

Example implementations of the under;sampling module 1606 are provided in Sections
4 and 5 below.
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1.2.4 Other E_mbod:'ments

The embodlments described above are provided for purposes of illustration. These
embodlmems are not 1ntended to limit the invention. Alternate embodiments, differing slightly
or substantially from those descnbed 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 I_mplemehtation Examples

'Exem'pl'ary 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. The

lmplementatlons are presented for purposes of 1llustratlon, and not limitation. The invention is
P not limited to the partxcular Jmplementatlon examples described therem Alternate implementations
o (mcludmg equlvalents extensmns vanatxons dev1at10ns etc., ofthose described herem) will be

| apparent 10 persons skilled in the relevant an(s) ‘based on the teachmgs contained herein. Such

alternate implementations fall within the scope and spirit of the present invention.

2 Directly Down-Converting an EM Signal to a Ba&eband Signal (Direct-to-Data)

" In an embodiment, the invention directly down-converts an EM signal to a baseband
signal, by under-sampling .the EM s1gnal This embodiment is referred to herein as direct-to-data
down-conversion and is illustrated in FIG. 45B as 4510.

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 Fp,,,. 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 signals.

The following sections describe example methods for directly down-converting the

modulated carrier signal F,c to the demodulated baseband signal Fp,y;. Exemplary structural
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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 re]e_vant
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.

2.1 ' High Level Description

This section (including its subsections) provides a high-level description of directly down-
converting the modulated carrier signal F,c to the demodulated baseband signal Fp,,5, according
to the invention. In particular, an operational process of directly down-converting the modulated
carrier signal Fy,c to the demodulated baseband signal F,,, 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 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 depictsa ﬂowché.rt 1413 that illustrates an exemplary method for directly down-
converting an EM signal to a demodulated baseband signal Fp,,. The exemplary method
illustrated in the flowchart 1413 is an embodiment lof the flowchart 1401 iﬁ FIG 14A.

Any .an.d all combinations of modulation techniques are valid for this invention. For easc
of discussion, the digital AM carrier signal 616 is used to illustrate a high level operationai
descnptlon of the invention. Subsequent sections provide detallcd descriptions for AM and PM
example embodiments. FM presents special considerations that are dealt with separately in

Section 1.3, below. Upon reading the disclosure and examples therein, one skilled in the relevant
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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 carriér 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-illustrated
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 F 1G. 33A.

_Step 1416 includes receiving an under-sampling signal having an aliasing rate F g.
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 pulse repetition rate. The aliasing rate is determined in accordance with EQ.

.(2), reproduced below for conveqience.

Fe=neFp+Fy EQ.(2)

- 'When dlrectly down-convertmg an EM signal to baseband ( i.e., zero IF), EQ. (2)

_becomes:

Fe=neF, - EQ. (8)

~Thus, to directly down-convert the AM signal 616 toa demodulated baseband signal, the aliasing

rate is substantially equal to the frequency of the AM signal 616 or to aharmonic or sub-harmonic
thereof, Although the aliasing rate is too low to permit reconstruction of higher frequency
components of the AM signal 616 (i.e., the carrier freqﬁency), 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 Fp,,. FIG. 33C illustrates a stair step demodulated
baseband signal 3304, which is generated by the direct down—cdnversion process. The
demodulated baseband signal 3304 is similarto the digital modulating baseband signal 310 in FIG.
3. ' |

 FIG.33D depicts a ﬁlfered demodulated baseband signal 3306. which can be generated
from the stair step demodulated baseband signal 3304. The invention can thus generate a filtered
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oﬁtput 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.

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 Fp,y, 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 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 aliasing system 1602 is now described for the digital AM carrier
signal 61 6; 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 (FIG. 33A). In
step 1416, the under-sampling module 1606 receives the under-sampling signal 3302 (FIG. 33B).
In step 1418, the under-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.

22 Example Embodiments

Vanom embodiments related to the method(s) and structure(s) descnbed above are

presented in thls section (and its subsections). These embodiments are described herein for

:\
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purposes of illustration, and not limitation. The invention is not limited to these embodiments.
Alternate embodiments. (including equivalents, extensions, variations, deviétions_. 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 demodulated baseband signal
F g illustrated in the flowchart 1413 of FIG. 14C, can be implemented with any type EM signal,
including modulated carrier signals, including but not lfmited to, AM, PM, etc., or any
combination thereof. Operation of the flowchart 1413 of FIG. 14C is described below for AM
and PM carrier 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.
2.2.1 First Example Embodiment: Amplitude Modulation
2.2.1.1 Operational Description

o Operatlon of the exemplary process of the ﬂowchart 1413in FIG 14C is described below
for the analog AM carrier signal 51 6 1llustrated in \FIG. SC 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 flowchart 1413 in FIG. 14C.
The analog AM. carrier signal 516 is re-illustrated in 35A for convenience. For this example, the
gnalog AM carrier signal 516 oscillates at approximately 900 MHZ. InFIG. 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 recelvmg an under-sampling signal havmg an aliasing rate F ;. FIG.

35C illustrates an example under-sampling signal 3506 on approxlmalely the same time scale as
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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 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 Fy,;;. Step 1418 is illustrated in FIG. 35B by
under-sample points 3505. Because a harmonic of the aliasing rate is substantial ly equal to the
frequency of the signal 516, essenti ally noIF is produced. The only substantial aliased component
is the baseband signal. -

In FIG. 35D, voltage pomts 3508 correlate to the under-sample pomts 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. Thisresultsina sta1r-step output which can
be smoothed or filtered if desired, as described below.
In FIG. 35E, a demodulated baseband szgnal 35 l 2 represents the demodulated baseband

signal 3510, aﬁer filtering, on a compressed time scale. Although FIG. 35E 1llustrates the

demodulated baseband 31gna1 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 apphcatlons

The demodulated baseband s1gnal 35 12 is substant:ally s:mllar 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-samplmg signal is preferably control]ed to optlmxze the
demodulated baseband signal for amplitude output and polarity, as desired.

In the example above, the under-sample points 3505 occur at positive locations ofthe AM
carrier signal 516. Altematwely, 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.
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The drawings referred to herein illustrate direct to data down-conversion in accordance
with the invention. For example, the demodulated baseband signal 3510 in FlG. 35D and the
demodulated baseband signal 3512 in FIG. 35E illustrate that the AM carrier signal 516 was
successfully down-converted to the demodulated baseband signal 3510 by rctaining cnough

baseband information for sufficient reconstruction.

22112  Digital AM Carrier Signal

A process for d1rectly down—convertmg the drgxtal AM carrier sxgnal 616toa demodulated
baseband srgnal is now described with reference to the ﬂowchart 1413 in FIG. 14C. The digital
AM camer signal 616 is re-illustrated in FIG. 36A for convenience. For this example, the digital
AM carrier signal 616 osc1llates at approximately 901 MHZ. In FIG. 36B, a digital AM carrier
srgnal 3604 illustrates a po_rtron of the digital AM carrier signal 616 on an expanded time scale.

The process begms at step 1414 whrch mcludes receiving an EM signal. This is

o represented by the digital AM carrier srgnal 616.
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Step 1416 includes receiving an under—samphng srgnal havmg an aliasing rate F,,\R

| FIG. 36Cillustrates an example under-samplmg signal 3606 on approxrmately the same time scale

. as FIG.36B. The under-sampling srgnal 3606 mcludes atrain of pulses 3607 having neghgrble

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
et;ual to a harmonic or, more typically, a sub-harmonic of the under-sampled signal. In this
example, the alrasmg rate is approximately 450 MHZ. .

Step 1418 includes under-samplmg the EM srgnal at the ahasmg rate to directly down-
convert it to the demodulated baseband signal FDMB. 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 pomts 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
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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. o

InFIG. 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 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 3605 occur at positive locations of signal
portion 3604. Alternatively, the under-sample points 3605 can occur at other locationsincluding
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 thé
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 Description

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 timing diagrams of FIGS. 35A-E.
In step 1414, the under-sampling module 1606 receives the analog AM carrier signal 516 (FIG.
35A). Instep 1416, the under-sampling module 1606 receives the under-sampling signal 3506
(FIG. 35C). Instep 1418, the under-sampling module 1606 under-samples the analog AM carrier
signal 516 at the aliasing rate of the under-sampling signal 3506 to directly to down-convert the
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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 operation of the under-sampling system 1602 is now described 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 digital AM carrier signal 616 (FIG.
36A). In step 1416, the under-_s_émpling module 1606 receives the under-sampling signal 3606
(FIG. 36C). In step 1418, the under-sampling 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 provided in Sections
4 and 5 below.

2.2.2 Second Exampk Embodiment:’ Phase Modulation _
2.2.2.1 Operat_ional Description

'Operation of the exemplary process of the flowchart 1413 inFIG. 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.. B

2.2.2.1.1 - Analog PM Carrier Signal

A process for directly down-converting the analog PM carrier signal 916 toa 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. InFIG.37B, an analog PM carrier signal
3704 illustrates a portion of the analog PM carrier signal 916 on an expanded time scale.

The process begins at step 1414, which includes receiving an EM signal. This is
represented by the analog PM signal 916.

Step 1416 includes receiving an under-éampling signal having an aliasing rate F .. FIG.
37C illustrates an example under-sampling signal 3706 on approximately the same time scale as

FIG. 37B. The under-sampling signal 3706 includes a train of pulses 3707 having negligible
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apertures that tend towards zero time in:duration. The pulses 3707 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 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 under-sample points 3705.

" Because aharmonic of the aliasing rate is substantially equal to the frequency of the signal
916, or substantially equal to 2 harmonic or sub-harmonic thereof, essentially no IF is produced. -
The only substantial aliased component is the baseband signal.

In FIG. 37D, voltage points 3708 correlate to the under-sample points 3705. Inan
embodiment, the voltage points 3708 form a demodulated baseband signal 3710. This can be
accomplished in many ways. For example, each voltage point 3708 can be held at a relatively:
constant level until the next voltage péint isreceived. Thisresults in a stair-step output which can:
be smoothed or filtered if desired, as described below. : _

InFIG. 37E, a demodulated baseband signal 3712 represents the demodulated baseband’
signal 3710, after filtering, on a compressed time scale. Although FIG. 37E illustrates the
demodulated baseband signal 3712 as a filtered output signal, the outpﬁt 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. o

The demodulated baseband signal 3712 is substantially similarto the analog modulating:
baseband signal 210. The demodulated baseband signal 3712 can be processed without further
down-conversion or demodulation.

The aliasing rate of the under-sampling signal is preferably controlled to optimize the
demodulated baseband signal for amp]iiude output and pblarity, as desired.

In the example above, the imder-sample points 3705 occur at -pdsitive locations of the
analog PM carrier signal 916. Alternatively, the under-sample points 3705 can occur at other
locations include negative points of the analog PM carrier 'signal 916. When the under-sample
points 3705 occur at negative locations of the analog PM carrier signal 916, the resultant

demodulated baseband signal is inverted relative to the fnodulating baseband signal 210.
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The drawings referred to herein illustrate direct to data down-conversion in accordance
with the invention. For example, the demodulated basebartd signal 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. -

22212 Digital PM Carrier Signal

A process for dJreetly down-convertmg the digital PM carrier 51gnal 1016 to a

_ demodulated baseband signal is now descnbed with reference to the ﬂowchart 1413inFIG. 14C.

The digital PM carrier signal 1016 is re-illustrated in 38A for convenience. For this example, the

digital PM carrier signal 1016 oscillates at approx1mately 900 MHZ. InFIG. 38B, a digital PM

carrier signal 3804 lllustrates a pomon of the dlgltal PM camer s1gnal 1016 onan expanded time
scal_e. . . . _
- 'I'he process begms at step 1414 whlch mcludes receiving an EM signal. This is
represented by the digital PM sngnal 1016.

Step 1416 includes recewmg an. under—samplmg s1gna1 havmg an aliasing rate F 5. FIG.

FIG. 38B. The under-samplmg signal 3806 includes a train of pulses 3807 having negligible

apertures that tend towards zero time in dutation_. The pulses 3807 repeat at the aliasing rate or
pulse repetition rate, which is determined or selected as described above. Generally, when directly
down-convertmg toa demodulated baseband signal, the al1asmg rate F, is substantially equal to
a harmonic or, more typ:cally, a sub-harmonic of the under-sampled signal. In this example, the
aliasing rate is approximately 450 MHZ. _

Step 141 8 includes under-samplmg the digital PM carrier 31gnal 1016 at the aliasing rate
to directly down-convertittoa demo_dulated baseband signal. This is illustrated in F1G. 38B by
under-sample points 3705. | | |

Becausea harmomc of the aliasing rate is substannally equal to the frequency of the signal
1016, essentially no IF is produced. The only substantial aliased component is the baseband
igmml. _ _ A =

In FIG. 38D voltage pomts 3808 correlate to the under-sample points 3805. Inan
embodiment, the voltage points 3808 form a demodulated baseband signal 3810. This can be
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accomplished in many ways. For example, each voltage point 3808 can be held at a relatively
constant level until the next voltage point isreceived. Thisresults in a stair-step output which can
be smoothed or filtered if desired, as described below.

In FIG. 38E, a demodulated baseband signal 3812 represents the demodulated baseband
signal 3810, after filtering, on a compressed time scale. Although FIG. 38E illustrates the
demodulated baseband signal 3812 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 3812 is substantially similar to the digital modulating
baseband signal 3'1 0. The demodulated baseband signial 3812 can be processed without further
down-conversion or demodulation. : - _ |

The aliasing rate of the under-sampling signal is preferably controlled to optimize the
demodulated baseband signal fqr amplitude output and polarity, as desired.

In the example above, the under-sample points 3805 occur at positive locations of the

 digital PM carrier signal 1016. Alternatively, the under-sample points 3805 can occur at other

locations include negative points of the digital PM carrier signal 1016. When the under-samplé
points 3805 occur at negative locations 6f the digifai PM carrier signal 1016, the resultant
demodulated baseband signal is inverted relative to the modulating baseband signal 310. |

The drawings referred to hérein illustrate frequency down-conversion in aécorc_lance 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 .digita] PM carrier signal 1016
was successfully down-converted to the demodulated baseband signal 3810 by retaining enough

baseband information for sufficient reconstruction.

2.2.2.2 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 1413 énd 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
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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). Instep 1416, the ﬁnde_r—sampling module 1606 receives the under-sampling signal
3806 (FIG. 38C). Instep 1418, the under-sampling module 1606 under-samples the digital PM

carrier signal 1016 at the aliasing rate of the under-sampling signal 3806 to down-convert the

digital PM carrier signal 1016 to the demodulated digital baseband signal 3810 in FIG.38Dorto
the filtered demodulated digital baseband signal 3812 in FIG: 38E.

2.2.3 ' Other Embodiments

. The embodiments described above are ptovided for purposes of illustration. These

o §:mbodir_nents, are not intended to limit the invention. Al;emate embodiments, differing slightly

or substantially from thos_e'de_._scr_ibed herein, will be apparent to persons skilled in the relevant

art(s) based on the teachi ngs contained herein. Such alternate embodiments fall within the scope

-and spirit of the present invention.

23 Implémeniation Exdmpleé

Exemplary opefﬁtional 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 particularimplementation 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.
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3. Modulation Conversion

In an embodiment, the invention down-converts an FM catrier signal Fpc to a non-FM
signal Fnon.pmy bY under-sampling the FM carrier signal Frjyc. 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 Fp,. Inanother example embodiment, the FM carrier signal F,, 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 Fpyg. -

The invention can be implemented with any type of FM signal. Exemplary émbodiments . -
are 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 swifches_ 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 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) signal. PSK is a sub-set of phase modulation, wherein 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).

Inasecond example embodiment, the FSK signal 816 is under-sampled at an aliasing rate
thét is based upon either the upper frequency or the lower frequency of the FSK signal 816.
‘When the aliasing rate is based upon the upper frequency or the lower frequéncy ofthe FSK signal .
816, the FSK signal 816 is down-converted to an amplifude shift keyihg (ASK) signal. ASK is
a sub-set of amplitude modulatioh, wherein an AM signal shifts or switches between two or more

amplitudcs; ASK is typically used for digital modulating baseband signals. For example, in FIG.



' 10

15

20

25

WO 00/24117 PCT/US99/24299
' -74-

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 Fgyc to
down-convert it to the non-FM signal Fyonrw, 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 appai’ent 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 its subsections) provides a high-level description of under-sampling

the FM carrier signal F,, to down-convert it to the non-FM signal Foonrmy according to the

_invention. In particular, an operational process for down-converting the FM carrier signal Fpy

 to the non-FM signal F yon.pm) IS described at a high-level. Also, a structural implementation for

impiementing this process is described at ahigh-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 _numbér 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.

3.1.1 Operational Description

FIG. 14D deplcts a flowchart 1419 that illustrates an exemplary method for down-
convertmg the FM carrier sxgnal Fpc to the non-FM sngnal Fononemy The exemplary method
jllustrated in the ﬂowchart 1419 is an embodiment of the flowchart 1401 in FIG. 14A.

Any and all forms of frequency modulation technigues are valid for this invention. For

ease of discussion, the digital FM carrier (FSK) signal 816 is used to illustrate a high level
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operational description 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 1419 is described below at a high level for down-
converting the FSK signal 816 in FIG: 8C to a PSK signal. The FSK sigﬁal 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
frequency 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 negiigible 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 anon-FM sngnal F(NON em: the aliasing
rate is substantlally 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
s1gnal 816 is to be down-converted to a PSK signal, the aliasing rate is based on a'mid-point
hetween the upper frequency 3910 and the lower ﬁequency 3912. Forthis example. the mld-pomt
is approxlmately 900 MHZ. In another embodlmcnt described below, where the FSK 31gnal 816
is to be down-converted to an ASK signal, the aliasing rate is based on either the upper frequency-
391 0 or the lower frequency 39 12, not the mid-point.

Step 1424 includes under-sampling the FM i ignal Fpc atthe aIiaSing rate to down-convert
the FM carrier signal F,,. to the non-FM signial Foonemy 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 s1gnal 3904 has a frequency
of approxxmate]y 1 MHZ and is used as a phase reference. When the lower frequency 3912 is
under-sampled, the PSK signal 3904 hasa frequency of 1 MHZ and is phase shifted 180 degrees

from the phase reference.
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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 partiaily 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.

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.16 illustratés thc b_lqu diagram of the _undéf—samp@ing system 1602 according to an
embodiment of the invention. The hhder-smnpling.syét_ém 1602 includes the under-sampling
module 1606. Thé under—sampli_hg syst_éfn 1602 isan exax:hple embhdiment ofthe generic aliasing
system 1302 in FIG. 13. | o -

. In amodulation conversion embod1ment the EM s1gna1 1304 is an FM carrier signal and
the under-samplmg module 1606 under-samples the FM carrier signal at a frequency that is
substantlally equal to a ha.rmomc of a frequency w1th1n the FM su,nal or, more typically,
substantlal ly equal to a sub-harmonic of a frequency withinthe FM s:gnal Preferably. the under-

samphng module 1606 under-samples the FM carrier s1gnal Fprye to down-convert itto anon-FM

| signal Foonpy in the manner shown m_the operational ﬂowchart 1419. But it should be

understodd 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 aﬁ(s) based on the _discussion contained herein.

~ The operation of the under-sampling system 1602 shall now lbe described with reference
to the flowchart 1419 and the timing diagrams of FIGS. 3§A-3 9D. In step 1420, the under-
sampling module 1606 receives the FSK signal 816. In step 1422, the under-sampling module
1606 receives the under-sampling signal 3902." In step 1424, the under-sampling module 1606
under-samples the FSK signal 816 at the aliasing rat_é of the hhder-_sampling signal 3902 to down-
convert the FSK signal 816 to the PSK signal 3904 or 3906.
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Example implementations of the under-sampling module 1606 are proyi'ded in Section 4

below.

3.2  Example Embodimenis

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, variatipns, deviations, etc., of the
embodiments described herein) will be apparent to persons skilled in the rel evant art(s) based on
the teachings contained herein. The invention is intended and adapted to include such alternate
embodiments. . o _

The method for down-converting an FM carrier signal Fgyc to anon-FM signal, Fpop vy
illustrated 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

ASKsignal. The exemp_léry 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 Embodtment Down-Con vertmg an FM Signal 10 a PM
Signal

3.2.1.1 Operational Description

- Operation of the exemplary process of the flowchart 1419 in FIG. 14D is now described
for down-converting the FSK signal 816 illustrated in FIG. 8C to a PSK signal. The FSK signal
816 is re-illustrated in FIG. 40A for convenience.

-The FSK signal 816 shifts between a first frequency 4006 and a second frequency 4008.
In the exemplary embodiment, the first frequency 4006 is lower than the second frequency 4008.
In an alternative embodiment, the first frequency 4006 is higher than the second frequency 4008.
For this example, the first frequency 4006 is approximately 899 MHZ and the second frequency
4008 is approximately 901 MHZ.

This Sheet Has Been Replaced
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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 having an aliasing rate F .. FIG.
40C illustrates an example under-safrlpling signal 4007 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 anon-FM signal, the al.iasing rate is substantially equal to a harmonic or, more typically,
a sub-harmiénic 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 fypiéélly, substantially egual 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 fr'equency 4008 is 901 MHZ, the mid-point is approximately 900 MHZ. Suitable aliasing
rates include 1.8 GHZ, 900 MHZ, 450 MHZ, etc. Inthis 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 Fvonrwy 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.

In FIG. 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 frequency of
approximately 1 MHZ and isused as a phase reference. When the second frequency 4008 is
under-sampled, the PSK signal 4012 has a frequency of 1 MHZ and is phase shifted 180 degrees
from the phase reference. -~ o

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
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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 output and polarity, as desired.

In the example above, the under-sample points 4005 occur at positive locations of the FSK
signal 816. Alternatively, the under-sample points 4005 can occur at other locations including
negative points of the FSK signal 816. When the under-sample points 4005 occur at negative
locations of the FSK signal 816, the resultant PSK signal is inverted relative to the PSK signal
4014. '

The drawings referred to herein illustrate modulation conversion in accordance with the
invention. For example, the PSK signal 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

information 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-sampling module 1606 receives the FSK
signal 816 (FIG. 40A). In step 1422, the under-sampling module 1606 receives the under-
sampling signal 4007 (FIG. 40C). In ste;i 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 éignal 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 process of FIG. 14D is now described for down-converting
the FSK signal 816, illustrated in FIG. 8C, to an ASK signal. The FSK signal 816 is re-illustrated

in FIG. 41A for convenience.
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The FSK signal 816 shifts between a first frequency 4106 and a second frequency 4108.
In the exemplary embodiment, the first frequency 4106 is lower than the second frequency 4108.
In an alternative embodiment, the first frequency 4106 is higher than the second frequency 4108.
For this example, the first frequency 4106 is approximately 899 MHZ and the second frequency
4108 is approximately 901 MHZ. '

FIG. 41B illustrates an FSK signal portion 4104 that represents a portion of the FSK
signal 816 on an expanded time scale.

The process of down-converting the FSK signai 816to an ASK signal begins at step 1420,
which includes re'éeiving an FM signal. This is.represented by the FSK signal 816.

‘Step 1422 includes receiving an under-sampling signal having an aliasing rate F .5. 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., -

-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, toasub-

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

frequency 4106 or the second frequency 4108 . In this example, where the first frequency 4106
is 899 MHZ and the second frequency 4108 is 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 approximately 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 2 non-FM signal Fonpm) Step 1424 is illustrated in FIG. 41B by under-sample 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 arelatively
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
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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 under-sample points 4105. In an
embodiment, the voltage points 4110 form an ASK signal 4112. This cén be accomplished in
many ways. For example, each voltage point _'4'1 10canbeheldata rclatively constant level until
the next voltage point is received. This results ih a stair-step output which can bé_ smoothed or
filtered if desired, as described below.

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 within the scope of the
invention. Instead, the output signal can be tailored for different applications. Thé 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 freé.uency 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 signal, with reference to the flowchart 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-sampling module 1606 under-samples
the FSK signal 816 at the aliasing of the under-sampling signal 4107 to down-convert the FSK
signal 816 to the ASK signal 4112 of FIG. 41D or the ASK signal 4114 in FIG. 41E.
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3.2.3 Other Example Embodiments

The embodiments described above are provided for purposes of illustration. These
émbbdiments are ﬁot intended to liimit th_e invention. Alternate éx_nbodiments_. differing slightly
or substantially from those desq_ribed he_rein, will be apparent to persons skilled in the relevant
m(s) based on the ieachihgs containéd herein. Such altematé embodiments fall within the scope

and spirit of the present invention.

3.3 Implementdtio,n Ethples

Exemplary operational and/or structural ‘implementations related to the method(s),
structufe(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, e_tc.' , of those described herein) will be

é\pparent 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.

4. Implemenfation Exampks

Exemplary operat_ional and/or structural implementations related to the method(s),
structure(s), and/or embodiments described in thé Sub-Sections above are presented in this section
(and its subsections). These implementations are presented herein for purposes of illustration, and
not limitation. The invention is not limited to the particular implementation examples described
herein. Alternate implementations (including equivalents, extensions, variations, deviations, etc.,
of those described herein) will be apparent to petsons 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 geheric 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,g- The
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under-sampling system 1602 is an example implementation of the generic alia_sing 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 under-sampling system 1602. The sample and hold system 2602 is
described below. '

FIG. 26B illustrates an exemplary inverted sample and hold system 2606, which is 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 a the sample and hold syétcm 2602, which is an example
embodiment of the under-sampling module 1606 in FIG. 16, which is an example embodiment of
the generic aliasing module 1306 in FIG. 13. o

The sample and hold system 2602 includes a sample and hold module 2604, which
receives the EM signal 1304 and the under-sampling 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 inFIG. 14C and 1419in FIG. 14D. The under-sampling 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 ofthe under-éampling system 2602. The under-sampling 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-sémpling system 2401 as a break before make under-
sampling system, which is an alterative implementation of the under-sampling system 2602. The

break before make under-sampling system 2401 is described below.

. 4.1.1 The Sample and Hold System as a Switch Module and a Holding
Module
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FIG. 27 i!lustrates an exemplary embodiment of the sample and hold module 2604 from
FIG. 26A. In the exemplary. e’fnbodiment the sample and hold module 2604 includes a switch
module 2702, and  holding module 2706. )

Preferably, the sw:teh module 2702 and the holdmg module 2706 under-sample the EM
signal 1304 to down-convert 1t 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 ce,rner signal signals described above, ;ncludmg, but not limited to,
the analog AM signal 516, the-:ﬂigital AM signal 616, the analog FM signal 716, the digital FM
signal 816, the analog PM sig_nal 916, the digital PM signal 1016, etc., and any combinations
thereof. | |

The switch module 2702 and the holding module 27 06 down-convert the EM signal 1304

_to an intermediate signal, to*_a demodulated baseband or to a differcnt modulation scheme,

depending upon the aliasing rate. o

For example, operation ! of the switch module 2702 and the helding module 2706 are now:
descnbed for down-convemng the EM signal 1304 to an intermediate sxgnal with reference to
the flowchart 1407 and the example timing diagrams in FIG. 79A-F.

In step 1408, the sw1tch module 2702 receives the EM signal 1304 (FIG. 79A). In step
1410, the switchmodule 2702 recewes the under-samplmg s1gnal 1604 (FIG. 79C). Instep 1412,
the switch module 2702 andjtli_e holding module 2706 cooperate to under-sample the EM signal
1304 and down-convert it to an intermediate signal. More 'spec':iﬁ'cally; during step 1412, the
switch module 2702 closes durmg each under-sampling pul'se to couple the EM signal 1304 tothe
holding' module 2706. In an embodiment, the switch module 2702 closes on rising edges of the

~ pulses. Inan alternative emﬁodiment, 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 substanti ally holds or maintains each under-sampled amplitude
until a subsequent under-sample. (FIG. 79D). The holding mbd_ule 2706 outputs the under-
sampled amplitudes as the d_o»ivn-converted signal 1308A. The heléiing module 2706 can output
the down-converted signal 1308A as an unfiltered signal, such as a stair step signal (FIG. 79E),
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as a filtered down-converted $ignal (FIG. 79F) or as a partially filiéred 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-samplmg system 2602. |

Preferably, the break-before-make under-samphng system 2401 under-samples the EM
mgnal 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 unmodulated ormodulated 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 énalog PM signal 916, the digital PM signal 1.016,__etc., and
combinations thereof. |

The break—before-make under—samphng 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 includesa break-before-make switch 2402. The 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, _th.e
isolation signal 2412 is generated fromthe 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 switch 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.
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Prior to time t0, the normally open switch 2404 and the normally closed switch 2406 are
at their normal states. -

At time 10, the isolation signal 2412 in FIG. 24C opens the normally closed switch 2406.
Then, just after time t0, the normally open switch 2404 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 holding module 2416.
Prior to 12, 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 2416.

~ Attime12, the isolation si ignal 2412 in FIG. 24C closes the normally closed switch 2406.

_ This couples the holding 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 holding 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 under-sampling system 2702 in FIG. 27.

4.1.3 Example Implementatmns of the Switch Module

The sw1tch modulc 2702 in FIG 27 and the sw1tch modules 2404 and 2406 in FIG 24A

can be any type of switch device that preferably has arelatively low impedance when closed and

a relatively high impedance when opeh. The switch modules 2702, 2404 and 2406 can be
implemented with normally open or normally closed switches. The switch device need notbe an
ideal switch device. FIG. 28B illustrates the switch modules 2702, 2404 and 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-switc_:h devices, etc., and combinations thereof. Suchdevices
include, but are not limited to transistor switch devices, diode switch devices, relay switch
devicés-, optical switch devices, micro-machine switch devices, efc..

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.
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In FIG. 28 A, 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 GaAsFET, etc.. The FET
2802 includes a gdte‘ 2804, a source 2806 and a drain 2808. The gate 2804 receives the under-
sampling signal 1604 to control the switching action between the sourcc 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.

InFIG. 28C, the switch 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 outpui 2813. - -

InFIG. 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-
sampling signal pulse. '

In an exemplary embodiment, holding modules 2706 and 2416 are implemented as-a
reactive holding module 2901 in FIG. 29A, although the 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. InFIG.29C, the
capacitive holding module 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 ténds 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
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serves as an output of the sample and hold module 2604. The capacitive holding module 2902

provides the under-samples at the terminal 2906, where they can be measured as a voltage. FIG.
29F illustrates the capacitive holding xhodule 2902 asincluding a series capacitor2912, which can
be utilized in an inverted sample and hold system as described below.

In an alternative embodiment, the holding modules 2706 and 2416 include one or more
inductive holding elements, illustrated in FIG. 29D as an inductive holding module 2908.

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 capacitive/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.

4.1.5 Optional Unde}-Sampling Signal Module

FIG 30 illustrates an under-samplmg system 3001, whlch is an example embodlment of

- ,the under-sampling system ] 602 The under-samplmg system 3001 includes an optional under-.
. sampling signal module 3002 that can perform any of a variety of functions or combinations of

-functions, including, but not limited to, generating the under-éampling signal 1604.

o In an embodiment, the opnonal under-sampling signal module 3002 includes an aperture
generator, an example of which is illustrated in FIG. 29J as an aperture generator 2920. The
aperture generator 2920 generates negligible aperture pulses 2926 from an input signal 2924. The
input signal 2924 can be any _tyjae of periodic signal, including, but not limited to, a sinusoid, a
square wave, a saw-tooth wave, etc. Systems for generating the input signal 2924 are described
below. : g | . _.
The width or aperture of the pulses 2926 is determined by delay through the branch 2922

of the aperture gencrator 2920. Generally, as the desired pulse width decreases, the tolerance

requirements of the aiperture generator 2920 increase. In other words, to generate negligible
aperture pulses for a given input EM frequency, the components utilized in the example aperture
generator 2920 require greater reaction times, which are typically obtained with more expensive
elements, such as gallium arsenide (GaAs), etc. _

. The example logic and implementation shown in the aperture generator 2920 are provided

for illustrative purposes only, and are not limiting. The actual logic employed can take many



10

15

20

30

" WO 00/24117 R : PCT/US99/24299
-89-

forms. The example aperture generator 2920 includes an optional inverter 2928; which is shown
for polarity consistency with other examples provided herein. An exampleimplementationofthe
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 generates pulses 2926 on rising edges
of the input signal 2924. FIG. 291 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 exfemally 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 2930. The pscillator 2930 can be internal
to the under-sampling signal module 3002 or external to the under-sampling signal module 3002.
The oscillator 2930 can be external to the under-sampling systefii 3001.

The type of down-conversion performed by the under-sampling system 3001 depends:
upon the aliasing rate 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 inp’ut' )
signal 2924. Forexample, when the frequency of the input sighal 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 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 frequency of the input signal 2924 is substantially equal
to aharmonic 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 system 2606, which is an
alternative example implementation of the under-sampling system 1602.

FIG. 42 illustrates a inverted sample and hold system 4201, which is an example -
implementation of the inverted sample and hold system 2606 in FIG. 26B. The sample and hold
system 4201 includes a sample and hold module 4202, which includes a switch module 4204 and
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a holding module 4206. The switch module 4204 can be implemented as described above with
reference to FIGS. 28A-D. '
. Theholding module 4206 can be 1mplemented as described above 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 capaciter(s) 4208 are selected to pass
higher frequency components of the EM signal 1304 throughtoa terrﬁin‘a] .42 10, 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 capuacitor 4206.

Operatlon of the inverted sample and hold system 4201 is illustrated in FIGS. 34A-F.
FIG. 34A illustrates an example EM mgnal 1304 FIG. 34B- 1llustrates the EM 51gna] 1304 after

| under-samplmg FIG. 34C illustrates the under—samplmg signal 1606;-which 1ncludes atrain of
"allasmg pulses havmz, neghgxble apertures - :

" FIG. 34D illustrates an example down-converted signal 1308A. FIG. 34E illustrates the _

’ down-converted 31gnal 1308A ona. compressed t1me scale Since the holding module 4206 is
seties elemcnt the hlgher frequencles e.g. RF ) of the EM 31gnal 1304 can be seen on the down-
converted signal. This can be filtered as 111ustrated in FIG. 34F.

The inverted sample and hold system 4201 can be used to-down-convert any type of EM

| 'éig'nal; mcludmg ‘modulated carrier sxgnals and unmodulated carrier signals; to IF signals and to

demodulated baseband signals. L

4.3 Other Implementations

The impleinentaﬁons 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 the teachings contained herein. Suchalternate implementations fall within

- the scope and spirit of the present invention.
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5. Optional Optimizations of Under-Sampling at an Alidsing Rate

The methods and systems described in sections above can be optionally optimized with

one or more of the optimization methods or systems described below.

5.1  Doubling the Aliasing Rate (F ;) of the Under-Sampling Signal

_ Inan embodlment the optional under-samphng sxgnal module 3002 in FIG. 30 includes
a pulse generator module that generates aliasing pulses ata multlple 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. | _ | . ._ _. o

FIG. 31 illustrates an example circuit 3102 that generates a doubler output signal 3 104
(FIG. 31 and 43B) that may be used as an under-sampling signal 1604. The example circuit 3102
generates pulses onrising and falling edges of the input oscillating signal 31 06 of FIG. 31B. Input
oscillating signal 3106 is one embodiment of optional input ei gnal 2926. The eircuit 3102 canbe
implemented as a pulse generator and aliasing rate (F ,z) doubler, providing the under-samhling -
signal 1604 to under-sampling module 1606 in FIG. 30.

The aliasing rate is twice the frequency of the input oscillating signal F.,; 3106, as shown
by EQ. (9) below. _ _ _

Fr=2.F,. EQ. (9) _

_ The aperture width of the aliasing pulses is determined by the delay through a f' rst
inverter 3108 of FIG. 31. As the delay is increased, the aperture is increased. A second inverter
3112 is shown to maintain polarity consistency with examples described elsewhere. In an
alternate embodiment inverter 3112 is omitted. Preferably, the. pulses have negligible aperture
widths that tend toward zero time. The doubler output signal 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
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systems where common mode mterference can be caused by intentional or umntentlonal radiators

. such as cellular phones, CB radlos 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
ofthe down-converted signal 1308A. Whilean exainfalé ofa diffe:;eﬁtial under-sampling module
is shown below, the example is shown for the purpose of illustration, not limitation. Alternate

embodiments'(inclu'ding 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 inventionis intended and adapted to include such alternate embodiments.

FIG. 44A illustrates an example dlﬁerennal system 4402 that can be included in the under-

. sampling module 1606. The differential system 4202 includesan 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

- samp]e and hold module 4412, which includesa holdmg module 4414 and a switch module 4416.

The differential system 4402 also includes asecond 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

" éxamplé, the inputs can be coupled to an EM signal'soﬁi'ce',' wherein the input voltages at the

" jriputs 4404 and 4406 are substantially equal in amplitude but 180 degrees out of phase with one

another. Alternatively, where dual mputs are unavailable, one of the mputs 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, pi'ovided they have similar capaciﬁve values, they charge"to equal amplitudes
but opposite polarities. When the switch module 4416 is open, the voltage at the output 4408 is
relative 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 mclude voltage rcsultmg from
charge stored in the holding modules 4414 and 4420, respectlvely, when the switch module 4416
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was closed. The portions of the 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 voltage can be substantially filtered out by inverting the voltage at onc 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 é'ny other.
noise sources will tend to be canceled in the same way. _ _

The differential system 4402 is effective when used with a differential front end (inputs) -
and a differential back end (outputs). It can also be utilized in the following configurations, for

example:

a) A single-input front 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 signal 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.

5.2.2 Single Input-to-Differential Output

FIG. 44C illustrates the differential system 4402 wherein the input 4404 is coupled to an

EM signal source such as a mpnopolé antenna 4428 and the input 4406 is coupled to ground.
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FIG. 44E illustrates an example 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 circuit4444 suchasa 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 mode noise generated by the switch module 4416. The

.~ differential circuit 4444 preferably filters the higher frequency components of the EM signal 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 differeptial syste_rin'4402 wherein the inputs 4404 and 4406 are

. coupled to equal and opposite EM signal sources .illustratc__d here as dipole antennas 4430 and
.. 4432. The output is taken from terminal 4408.

.53 Smoothi_ng ihe qun-Coni?erted_ Sigl;a_l .

The down-converted sxgnal 1308A may be smoothed by ﬁltcrmg as desxred The

' dlfferentlal circuit 4444 mplemented asa filterin FIG 44E 1llustrates butone example Filtering
" may be accomphshed in any of the described embodiments by hardware, firmware and software

; i’xﬁplemgmation as is well known by those skilled in the arts.

54 Load Impeddncé and I_npht/Output Buffering

Some of the characteristics of the down-converted signal 1308A depend upon
characteristics of a load placed on the down-converted signal 1308A. For example, in an
embodiment, when the down-converted signal 1308A is coupled to a high impedance load, the
charge that is applied to a holding module such as holding module 2706 inFIG270r2416in FIG.
24A during a pulse generally remains held by the holding module until the next pulse. This results
in a substantially stair-step-like representatlon ofthe down-converted s1gnal 1308A asillustrated
in FIG. 15C, for example. A high 1mpedance load enables the under-sampling system 1606 tol

accurately represent the voltage of the original unaffected input signal.
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The down-converted signal 1308A can be buffered with a high impedance amplifier, if
desired. - '
Alternatively, or in addition to buffering the down-converted signal 1308 A, 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 tb control vaﬁous characteristics of the under-sampling module 1 606 to modify
the down-converted signal 1308A.

Generally, the amplitude of the down-converted signal 1 308A 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. 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 Iocatiéns, 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 3204 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 amplitude of the down-converted signal 1308A at an optimum level.
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The amplitude of the -_c_iown-converted signal 1308A can be made to vary with the
amplitude of the under-sampling signal 1604. In an embodimént where Switch Module 2702 is
aFET 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 ofthe 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 contro! function.
Alternate implementations will be apparent to persons skilled in the relevant art(s) based on the
teéchings contained herein. Alternate implementatiohs fall within the scope and spirit of the

_present invention.
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1L Downi-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 FIGS. 45A and 45B. Fundamental desériptions of hoﬁr this is accomplished

is presented step by step beginning with a comparison with an under-sampling system.

0.1  Energy Transfer Cathpared to Under;-Samp_ling

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 duration. The negligible aperture pulses minimize the
amount of energy transferred from the EM signal. This protects the under-sampied EM signal : -
from distortion or déstﬁction. The negligible aperture pulses also make the sample.and hold -
system a high impedanée system. An advantage of under-sampling is that the high impedance
input allows accurate voltage reproduction 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.

Because the under-sampling systems disclosed in Section II transfer only negligible
amounts of energy, they are not suitable for all situations. For example, inradio communications,
received radio frequency (RF) signals are typically very weak and must be amplified in order to
distinguish them over noise. The negligible amounts of energy transferred by the under-sampling
systems disclosed in Section Il may not be sufficient to distinguish recejived RF signals over noise.

In accordance with an aspect of the im)ention, methods and systems are disclosed below
for down-converting EM signals by transferring non-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.
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Down-converting by transferring energy is introduced below in an incremental fashion to

distinguish it from under-sampling. The introduction begins with further descriptions of under-sampling.
0.1.1 R_eviewofUnder-.S‘ampling

FIG 78A 1llust1'ates an exemplary under-samplmg system 7802 for down-convertmg an
mput EM signal 7804. The under-samplmg system 7802 includes a swntchmg module 7806 and
a holdmg module shown asa holdmg capacxtance 7808. An under-samp]mg signal 781 0 controls

.the sw1tch module 7806. The under-samplmg 51gnal 7810 includes a train of pulses havmg
| neghgxble pulse widths that tend toward zero time. An example ofa neghglble pulse width or

duration can be in the range of 1-10 psec for under-sampling a 900 MHZ signal. Any other

_sultable negl1g1ble pulse duration canbe used as well where accurate reproductxon of the original

_unaffected input s1gnal voltage is desired thhout substantially affectmg the ongxnal input signal

voltage .

Inan under-samplmg environment, the holdmg capacmmce 7808 preferably has a small
capacltance value. This allowsthe holdmg capacltance 7808 to substantially charge tothe voltage
of the input EM signal 7804 durmg the negligible apertures of the under-sampling signal pulses
F(_)r_e_xample, in an embodiment, the holding capacitance 7808 has a value in the range of 1pF.
O_lher suitable capeeitance values can be used to achieve substalnt_ia_lly tlle voltage.'_of the original
unaffected input signal.: Various capaciténces 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-sampling pulses.

~ FIGS. 79A-F illustrate example timing diagrams for the undér-s_ampling system 7802.
FIG. 79A illustrates an example input EM signal 7804.

FIG. 79C illustrates an example under-sampling signal 781 0 including pulses 7904 havmg
negligible apertures that tend towards zero time in duration,

FIG. 79B illustrates the negligible effects to the input EM sxgnal 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
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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 dowﬁ-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, 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 signalsillustrated 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. Bﬁt also note that the power available
at the output is relatively negligible (e.g. :V¥/R; ~ 5SmV 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;
~5mV 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 under-sampling system 7802 when the load 7812 isa
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. o ' '
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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 i 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 cof_rel_ate 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 tesult, 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 7812isa lowimpedance ]oad the holding capacitance 7808 s 31gn1ﬁcantly

' dlscharged by the load between pulses 8004 FIG. 80C) As a result, the holding capacitance
.7808 cannot reasonably attam of “hold” the voltage of the onglnal EM input signal 7804, as was
" seeriin the case of FIG. 79D. Instead, the charge appears as the output illustrated in FIG 80D.

' FIG. 80E illustrates the output fom F IG 80D on 2 ‘compressed time scale. The output

'in'FIG. 80 can be filtered to produce the sxgna] 1llustrated in FIG. 80F. The down-converted

sxgnal 111ustrated in FIG. 80F is substannally similarto the down-converted signal illustrated in
FIG: 7_9F, except that the slgnal illustrated in F_IG. 80F_ i$ substantially smallér in magnitude than

the amplitude of the down-converted signal illustrated in FIG. 79F. ‘This is because the, low
‘impedance of the load 78 12.preveuts the holding cépacitance 7808 from reasonably attaining or

“holding” the voltage of the original EM input signal 7804. As a result, the down-converted
signal illustrated in F1G. 80F cannot provide optimal voltage reproduction, and has relatively
negligible power available at the output (e.g.: V¥/R; ~ 2004V and 2KOhms), given the input EM
signal 7804 would typically have a driving impedance, in an RF environment, of 50 Ohms (e.g.:
V¥R; ~ 5mV and 50 Ohms). '

0.1.1.2 Effects of Increasing the Value of the Holding Capacitance

Effects of increasing the value of the holding capacitance. 7808, while having to drive a

low impedance load 7812, is now described. FIGS. 8 1A-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.
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FIG. 81 A illustrates an example input EM signal 7804, which is sub'st_antially similar to
that illustrated in FIGS. 79A and 80A. . .

FIG. 81Cillustrates 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 F1G. 81C is substantially similar to that illustrated in FIGS. 79C and 80C.

FIG.81B 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. 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
dowﬁ-converted. The negligible distortions 8102 represent negligible amounts of éncrgy, 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 sxgnal-voltage, -
but failing to do so, during the negligible apertures of the pulses 8104 illustrated in FIG. 81C.

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'seen in FIGS.
81D and E. As a'result, the holding capacitance 7808 cannot reasonébly attain-or “hold” the

voltage of the original EM i input 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 on a compressed time scale. Note
that the amplitude of the down-converted signél 8106 is significantly less than the amplitude of
the dqwn-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 tb 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. Asa result, the
amphtudes attained by the holding capacitance 7808 are significantly less than the amplltudes 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; ~
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150pV and 2KOhms), given _th_e.input EM signal 7804 would typically have a driving impedance,
in an RF environment, of 50 Ohms (e.g.: V¥/R; ~ 5mV 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, suchasthe under-sampling system 7802 illustrated

in FIG. 78, are not well suited for transferring energy or for driving lower impedance loads.

0.1.2 Introduction to Energy Transfer

In an embodtment the present invention transfers energy from an EM signal by utnllzmg

-an energy transfer signal mstead ofan under—samplmg s1gnal Unhke under—samphng signals that
L .have neghglble aperture pulses the energy transfer signal mcludes a train of pulses having non-

: neghgrble apertures that tend away from zero. This provides more nme to transfer energy from ;

N an EM input s1gnal One dlrect beneﬁt isthat the 1nput lmpedance of the system isreduced so that

15: .

practlcal 1mpedanee matchmg c1rcu1ts can be nnplemented to ﬁnther improve energy transfer and .

thus overall efficiency. The non-neghg1ble transferred energy si gmﬁcantly improves the signal to

: -..n01se ratio and sensrtw1ty to very small signals, as well as permlttmg the down-converted signal .

to drive lower 1mpedance loads unassrsted Signals that especlally beneﬁt mclude low power ones
typlﬁed by RF 51gnals One benefit ofa non-neghglble aperture is that phase noise within the
energy transfer signal does not have as drastic of an effect on the down-converted output signal

as under-samphng signal phase nor_se or conventional samplmg signal phase noise does on their

respect:ve outputs

FIG. 82A 1llustrates an exemplary energy transfer system 8202 for down-convenmg an

mput EM srgnal 8204. The energy transfer system 8202 mcludes a swrtchmg module 8206 and

a storage module rllustrated as a storage capacltance 8208. The terms storage module and

storage capacrtance, as used herein, are drstmgurshable from the terms holdlng module and
holdmg capacrtance respectively. Holding modules and holdmg capacrtances as used above
1dent1fy systems that store neghglble amounts of energy from an under-sampled mput EM srgna]

with the intent of “holding” a voltage value. Storage modules and storage capacitances, on the

other hand, refer to systems that store non-negligible amounts of energy from an input EM signal.
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The energy transfer system 8202 receives an energy transfer signal 8210, which controls

the switch module 8206. The energy transfer signal 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-negligible amount. Forexample, the non-negligible pulse widths can
be /2 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 a period plus a fraction. In an
example embodiment, the input EM signal 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 storage
capacitance 8208, 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-negligible aperture period. This
allows the storage capacitance 8208 to store energy transferred from the input EM signal 8204,
without substantial concern for accurately reproducing 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 energy transfer system 8202 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 signal 8204 that the input EM signal can be efficiently down-converted.

The energy transfer system 8202 is coupled to a load 8212. Recall from the 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 ﬁermit the energy transfer system 8202 to effectively drive loads that would
otherwise be classified as low 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 is illustrated below in the timing diagrams of FIGS.
83A-F.
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* 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. - | -
FIG. 83C illustrates an example under-sampling signal 8304, including energy transfer
pulses 8306 having non-negligible apertures that tend away from zero time in duration.
. FIG.83B illustrates thé_:effects to the input EM signal 8302, as measured at a terminal

~8214inFIG. 82A, whennon-negligible amounts of energy are transfer from it. InFIG. 83B, non-
" negligible distortions 8308 correlate with the energy transfer pulses 8306 in FIG. 83C. Inthis
“example, the non-negligible distortions 8308 occur at different locations of subsequent cycles of

- theinput EM signal 8302. The non-negligible distortions 8308 represent non-negligible amounts .

of transferred energy, in the form of charge that is transferred to the storage capacitance 8208 in

FIG. 82.

- 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 "sigﬁal 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.:
' V#R; approximately (~) 2mV and 2K Ohms) than the down-converted signal illustrated in FIG.
.79F (e.g.: V¥R; ~ 5SmV and 1M Ohms) . Asaresult, the down-converted signals 8310 and 8312

can efficiently drive lower impedance loads, given the input EM signal 8204 would typically have

‘a dnvmg impedance, in an RF environment, of 50 Ohms (V ?/R; ~ 5mV and 50 Ohms).

The energy transfer aspects of the invention are represented generally by 4506 in FIGS.

45A and 45B.

I Down-Converting an EM Signal to an IF EM Stgnal by Transferring Energy fromthe
EM Stgnal at an Aliasing Rate

" In an embodiment, the invention down-converts an EM signal to an IF ‘signal by
transferring energy from the EM si gnal at an aliasing rate. This embodimentisillustrated by 4514
in FIG. 45B. |

This embodiment can be implemented with any type of EM signal, including, but not

limited to, modulated carrier signals and unmodulated carrier signals. This embodiment is



10

- 15

WO 00/24117 ' - PCT/US99/24299
-105-

described herein using the xﬂé&ulated carrier signal Fy,. in F1 G. '1 an example. Inthe example,
the modulated carrier signal Fy,c is down-converted to an intermediate frequericy (IF) signal F ;.
The iritennediate frequency signal F ¢ can be demoduléted to a baseband signal Fp,;; using
conventionai demodulation techniques.' Upon reading' the disclosure and examples therein, one
skilled in the relevant art(s) will ﬁnderstand ihat 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-convei'ting an EM signal to an IF signal
F;; by transferring energy from the EM signal at an aliasing rate. Exemplary structural
embodiments for implerhenting the methods are also described. It should be understood that the
invention is not limited to the particular embodiments described below. Equivalenté, extensions,
variations, deviations, etc., of the folldwing will be apparent to persons skilled in the relevant
art(s) based on the teachings contained herein. Such equivalents, extensions, vaﬁations,
deviatiéns, etc., are within the scope and spiﬁt of the present invention.

The following sections include a high level discussion, example embodiments, and _

implementation examples.

1.1  High Level Descrz}m‘an

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 invention. In
particular, an operational process of down-converting the modulated carrier signal Fy,.to the IF
modulated carrier signal F;, by transferring energy, is described at a high-level. Also, 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.
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1.1.1 Operational Description

FIG 46B deplcts a ﬂowchart 4607 that 1llustrates an exemplary method for down-
convertmg an F,M 31gnal toan mtermedrate 51gnal Fip, by transferrm g energy from the EM si gnal
atan ahasmg rate The exemplary method 1llustrated in the ﬂowchart 4607 isan embodxment of
the ﬂowchart 4601 in FIG. 46A. '

Any and all combmatlons of modulatlon techniques are valid for th:s invention. For ease

. of d1scussmn, the dlgltal AM carrier 51gnal 616 is used to 1llustrate a hlgh level operatlonal |
) descnptlon of the mvcntlon Subsequcnt sections provide detalled ﬂowcharts and descnptlons
_ for AM FM and PM example embodxments Upon reading the dlsclosure and examples therein,

| one skllled in the relevant art(s) W1ll understand that the invention can be 1mplemented to down-

convert any type of EM s1gna1 mcludmg any form of modulated carrier signal and unmodulated :

carner 51gnals

The method 1llustrated in the ﬂowchart 4607 is now descnbed ata hlgh level usmg the .' .

| _dlgltal AM camer s1gnal 616 of FIG 6C Subsequent sectlons prov1de detalled flowcharts and

15 .

. examples therein, one skllled in the relevant art(s) will understand that the invention can be

30

descrlptlons for AM FM and PM example embodlments Upon readmg the dlsclosure and

| . tmplemented to down-convert any type of EM signal, 1nclud1ng any forrn of modulated carrier

_ srgnal and umnodulated carrier s1gnals

_ The process begms at step 4608, which includes recewmg an EM signal. Step 4608 is
illust_rated by the digital AM carrier signal 616. The digital AM carrier signal 616 of FIG. 6C is

_ re-illustrated inFIG. 47A for convenience; FIG. 47E illustrates a portion of the digital AM carrier

_ 51gnal 616 on an expanded tlme scale.

Step 4610 includes receiving an energy transfer signal havmg an aliasing rate F . FIG.

47B i_llustr_ates 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 s1gnal For example, the apertures 4701 can be greater or less than a period of the EM
srgnal Thus, the apertures 4701 can be approximately 1/10, 4, Y3, 3/4, etc., or any other fraction
of the period of the EM sxgnal. Alternatively, the apertures 4701 can be approximately equal to
one or more periods of the EM signal plus 1/10, %, %2. 3/4, etc., or any other fraction of a period
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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. g

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, 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 ratc to down-
convert the EM signal to the intermediate signal F;. FIG. 47C illustrates transferred energy 4706,
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 thanthe
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. Inan .-
alternative embodiment, the invention outputs 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 Fy., which, in this example, is
the intermediate signal 4706 and 4708, can be determined from EQ. (2), which is reproduced-
below for convenience.

Fe=n-Fy+Fp o EQ 2

A suitable aliasing rate F,; can be determined in a variety of ways. An example method
for determining the aliasing rate F 5, is provided below. Afterreading the description herein, one
skilled in the relevant art(s) will understand how to determine appropriate aliasing rates for EM
signals , including ones in addition to the modulated carrier signals specifically illustrated herein.

InFIG. 48,aflowchart 4801 illustrates an example process for determining an aliasing rate
F,r- Buta 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 4802, which
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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 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 match a frequency requirement of a down-stream demodulator. The
intermediate frequency can be, for example, 1 MHZ.

Step 4806 includes determining the aliasing rate or rates that will down-convert the EM
signal to the IF specified in step 4804.

EQ. (2) can be rewritten as EQ. (3):

n*Far = Fc £ Fr . EQ. (3)

Which ¢an be rewritten as EQ. (4):

CFeaFw o . :
" Fm | e
oras EQ. (5):

Far = F—";—Fl S " EQ.(5)

. (F¢ £ Fyp) can be defined as a difference value Fp, as illustrated in EQ. (6): -
(Fc=Fyp) = Fope ' EQ. (6)

EQ. (4) can be rewritten as EQ. (7):

Foirr ' :
S _ _ __ EQ (1)

From EQ. (7), it can be seen that, for a given n and a constant F g, Fpyer is constant. For
the case of Fpyp = Fc: - Fyy, and for a constant Fy, g, as Fe increases, F necessarily increases. For
the case of Fpype = F+ Fyp, and for a constant Fpgr, as F increases, Fye necessarily decreases. In

the latter case of Fpyey = F + Fy, any phase or frequency changes on F¢ correspond to reversed
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oriniverted phase or frequency changes on Fy;. This is mentioned to teach the reader that if Fpper
= F. + Fy; is used, the above effect will occur to the phase and frequency response of the
modulated intermediate signal Fi. _

EQs. (2) through (7) can be solved for any valid n. A suitable ncan be determined for any
given difference frequency Fy; and for any desired aliasing rate F g pesiresy EQs- (2) through (7)
can be utilized to identify a specific harmonic closest to a desired aliasing rate F g pegire) that will -
generate the desired intermediate signal Fi.

An example is now provided for determining a suitable n for a given difference frequency
Fper and for a desired aliasing rate F agqeires)- For ease of illustration, only the case of (Fi - Fy¢)

is illustrated in the example below.

_ Fc-Fr Forrr
FAR(l)slimd). FAR(Du:iml)

The desired aliasing rate F g pesieq) 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:

_ 901 MHZ - IMHZ_@_64
140 MHZ T140 0

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.. - Fjp) = Fpg.:

F_FIFI

“Far = =
n

901 MHZ -1 MHZ 900 MHZ

Far 3 A

- 150 MHZ

In other words, transferring energy from a 901 MHZ EM carrier signal at 150 MHZ
generates an intermediate signal at 1 MHZ. When the EM carrier signal is a modulated carrier
signal, the intermediate signal will also substantially include the modulation. The modulated

intermediate signal can be demodulated through any conventional demodulation technique.
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Alternatively, instead of starting from a desired aliasing rate, a list of suitable aliasing rates
can bé determined from the modified form of EQ. (5), by solving for various valuesofn. Example

solutions are listed below.-

(Fc-Fr) Fors 901 MHZ-1MHZ 900 MHZ

Far - - — -

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

900MHZ/0.5 = 1.8.GHZ (i.¢., second harmonic);
900MHZ/1 = 900 MHZ (i.e., fundamental frequency);
900MHZ/2 = 450 MHZ (i.c., second sitb-harmonic);
900MHZ/3 = 300 MHZ (i.e., third _sub—har-monic);-

" 900MHZ/4 = 225 MHZ (i.e., fourth:sub-harmonic);
900 MHZ/5 = 180 MHZ(i.c., fifth sub-harmonic); and
900 MHZ/6 = 150 MHZ(i.e., sixth sub-harmonic).

The steps described above can be performed for the case of (F-+F) in a similar fashion.

) Thé results can be compared to the fesults obtained from the case of (F-Fyf) to determine which

* provides better result for an application.

In an embodiment, the invention down—converts an EM SIgna] toa relatavely standard IF

' in the range of, for example, 100KHZ to 200 MHZ. In another embodiment, referred 1o 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
large off-set implementation, the invention down-converts an EM signal to a relatively higher IF
signal, such as, for example, above 200 MHZ. '

' The various off-set implementations provide selectivity for different appllcanons
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.
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Inaccordance 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 ffeduency should be high enough to support the bandwidth of the modulating
baseband signal Fyg.

Generally, as the aliasing rate approaches a harmonic 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 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 module, 'includiﬁg auniversal
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. 63 illustrates a block diagram of an energy transfer system 6302 according to an
embodiment of the invention. The energy transfer system 6302 is an example embodiment of the
generic aliasing system 1302 in FIG. 13. The energy transfer system 6302 includes an energy
transfer module 6304. The energy traﬂsfer module 6304 receives the EM signal 1304 and an
energy transfer signal 6306, which includes 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

Tate F,g. The energy transfer signal 6306 is an example embodiment of the aliasing signal 1310

in FIG. 13. The energy transfer module 6304 transfers energy from the EM signal 1304 at the
aliasing rate F, of the energy transfer signal 6306.

Preferably, the energy transfer module 6304 transfers 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
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other structural embodiments will be apparent to persons skilled in the relevant art(s) based on
the discussion contained herein. . o
The operation of the energy transfer system 6302 is now described in detail with reference

to the flowchart 4607 and to the timing diagrams illustrated in FIGS. 47A-E. Instep 4608 the
energy transfer module 6304 receives the AM carrier signal 616. Instep 4610, the energy transfer
module 6304 receives the energy tranSfer_ signal 4702. In step 4612, the energy transfer module
6304 transfers energy from the AM carrier signal 61 6 at the aliasing rate to down-convert ihe AM
carrier signal 616 to the intermediate signal 4706 or 4708.

Example impiemehtaﬁons of the energy transfer system 6302 are provided in Sections 4

:and 5 below.

L2 Example Embodtments

Vanous embodlments related to the method(s) and structure(s) described above are

:prescnted in this section (and its subsections). - These, embodlments are described herem for

_purposes of illustration, and not limitation. The invention is not limited to these embodiments.

Alternate embodiments (including e_quwalems,.extgnsmns,_vartatnons_ deviations, etc., of the

-embodiments described herein) will be apparent to persons skilled in the rélevént art(s) based on

the te"achings contained herein. The invention is intended and adapted to include such alternate
embodiments.
- The. method for down-convertmg the EM signal 1304 by transfernng energy can be

‘_ mplemented with any type of EM s1gnal including modulated carrier signals and unmodulated

carrier signals. For example, the method of the flowchart 4601 can be 1mp1emented to down-

convert AM signals, 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 Modulation
1.2.1.1 Operational Description

Operatioh 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. | | |

12111  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 analog AM

~ carrier signal 516 is re-illustrated in FIG. SOA for convenience. For this example, the analog AM

carrier signal 516 oscillates at approximately 901 MHZ. InFIG. 50B, an analog AM carrier signal
5004 illustrates a portion of the analog AM carrier signal 516 on an expanded time scale. -

The process begins 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
pulsés’ 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 ﬁe(jucncy
Foee. ' -

| Step 4612 includes transferring energy from the EM signal at the aliasing rate to down-

convert fhe EM signal to an intermediate signal Fjz. In FIG. 50D, an affected analog AM carrier
signal 5008 illustrates effects of transferring energy from the analog AM carrier signal 516 at the
aliasing rate F,;. The affected ana‘lbg AM carrier signal 5008 is illustrated on substantially the
same time scale as FIGS. 50B and 50C. |

FIG 5S0E illustrates a down-converted AM intermediate signal 5012, which is generated
by the down-conversion process. The AM intermediate signal 5012 isillustrated with an arbitrary

load impedance. Load impedance optimizations are discussed in Section 5 below.
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The down-converted signal 5012 includes portions 5010A, which eorrelate 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 s:multaneously driving an output load The portions 5010A occur
whcn a swuchmg module is closed by the energy transfer pulses 5007 Pomons 5010B represent
energy stored in a storage devxce contmumg to drive the load. Portions 5010B occur when the
switching module is opened after energy transfer pulses 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
frequency Fpe. In other words, the energy transfer pulses 5007 occur at different locations of
subsequent .cycle's of the AM carrier signal 516. As a result, the energy transfef pulses 5007
capture varying amounts of energy from the analog AM carrier signal 516, as illustrated by
portions 5010A, which prdvi_&_i_es the AM intermediate signal 5012 with an oscillating frequency
. InFIG. 50F, an AM intermediate signal 5014 illustrates the AM intermediate signal 5012
on a compressed time scale. In FIG. 50G, an AM intermediate signal 5016 repmsents 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 5016 is at the

intermediate ﬁ‘equency The AM intermediatc signal 5016 can be demodulated through any
conventional demodulation techmque _ _ .

- The present invention can output: the unﬁltered AM mtermedxate 51gnal 5014, the filtered
AM intermediate si gnal 5016, a partially filtered AM intermediate signal, a stair step output signal,
etc. The choice between these embodiments is generally a design choice that deﬁends 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 carrier signal 516 was successfully d_(_)wn-converted to an intermediate

signal by retaining enough baseband information for sufficient reconstruction.
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12.1.1.2 -Digital AM Carrier Signal

A process for down-convertmg the digital AM camer signal 616 to a digital AM-
mtermedlate 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 digital AM carrier
signal 616 oscillates at approximately 901 MHZ. In FIG. 51B, a digital AM carrier signal 51 04
illustrates a portion of the digital AM carrier signal 616 on an expanded time scale. _

The process begins at step 4608, which includes receiving an EM s1gnal This is
represented by the digital AM carrier signal 616. _

Step 4610 includes receiving an energy transfer sxgnal having an al:asmg rate F . FIG.
51C illustrates an example energy transfer signal 5106 on substantxally_the sametime scaleas FIG.
51B. The energy transfer signal 5106 includes a train of energy transfer pulses 5107 having non-
negligible apertures 5109 that tend away from zero time in duration. The energy transfer pulses
5107 repeat at the aliasing rate, which is determined or selected as previeusly described.
Generally, when down-converting to an intermediate signal, the aliasing rate is substantially equal
to a harmonic or, more typically, a sub-harmonic of the difference frequency Fos-

Step 4612 includes transferring energy from the EM signal at the aliasing rate to down-

convert the EM signal to the intermediate signal F ;. In FIG. 51D, an affected digital AM camer N

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 51 08 is illustrated on substantially the
same time scale as FIGS. 51B and 51C.

FIG 51E illustrates a down-converted AM intermediate sxgnal 51 12, 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 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 simuitaneously driving an output load. The portions 5110A
occur when a switching module is closed by the enetgy transfer pulses 5107. 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 5107.
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Because a harmonic of the aliasing rate is off-set from the frequency of the digital AM
carrier signal 6 16, the energy transfer pulses 5107 “walk through* the digital AM signal 616 at
the difference frequehcy Fpir. In other words;:the energy transfer pulse 51 07 occur at different
locations of subsequent cycles of the digital AM cairier signal 616. Asa result, the energy
transfer pulses 5107 capture varying amounts of énergy from the digital AM carrier signal 616,
as illustrated by portions 5110, which provides the AM intermediate signal 5112 with an
oscillating frequency Fi;. '

InFIG. 51F, a digital AM intermediate signal 5114 illustrates the AM 1ntermed1ate 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, excepf that the AM intennediaté signal 5116
is at the intermediate frequency. The AM intermediate 31gnal 5116 can be demodulated through
- any conventional demodulation techmque S

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 accordarice with the

' invention. For example, the AM intermediate signals 5114 in FIG. 51F 4nd 5116 in FIG. 51G

illustrate 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 6f the energy transfer system 6302 is ndw described for the analog AM
carrier signal 516, with reference to the flowchart 4607 and to the timing diagrams in FIGS. 50A-
G.. In step 4608, the energy transfer module 6304 receives the analog AM carrier signal 516. In
step 4610, the energy transfer module 6304 receives the energy fransfer signal 5006. In step
4612, ih_e energy transfer module 6304 transfers energy from the analog AM carrier signal 516
at the aliasing rate of the energy transfer signal 5006, to down-convert the analog AM carrier

signal 516 to the AM intermediate 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 diagram§ inFIGS. 51A-G.
In step 4608, the energy transfer module 6304 receives the digital AM carrier signal 616. In step
4610, the energy transfer module 6304 receives the energy transfer signal 5106. Instep 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 disclosed in Sections 4 and
5 below. Y

1.2.2 Second Example Embodiment: Frequency Modulation

1.2.2.1 Operational Description

Operatlon ofthe exemplary process of the flowchart 4607 in FIG. 46B is described below -

for the analog FM carrier signal 716, illustrated in FIG. 7C, and for the digital FM carrier s:gnal :
81_6, illustrated in FIG. 8C.

12211  Analog FM Carrier Signal

* A process for down-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
5204 illustrates a portion of the analog FM carrier signal 716 on an expanded time scale.

‘The process begins at step 4608, which includes receiving an EM signal. This is
represented by the analog FM carrier signal 716.

Step 4610 includes receiving an energy transfer signal having an aliasing rate F,,. FIG.
52C illustrates an example energy transfer signal 5206 on approximatély 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 energy transfer pulses

5207 repeat at the aliasing rate F,, which is determined or selected as previously described.
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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 freqﬁency Fois-

Step 4612 includes transferring energy from the EM signal at the aliasing rate to down-
convert the EM signal to an intermediate signal Fj;. InFIG. 52D, an affectcd analog FM carrier
signal 5208 illustrates effects of transferring energy from the analog FM carrier signal 716 at the
aliasihg rate F,;. The affected analog FM carrier signal 5208 is illustrated on substantially the
same time scale as FIGS. 52B and 52C. ,

FIG 52E illustrates a down-converted FM intermediate signal 5212, which is generated
by the down-conversion process. The FM intermediate signal 5212 isillustrated 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 transferred from the analog FM carrier

signal 716 to astorage device, while simultaneously driving an output load. The portions 5210A
occur when a switching module is closed by the energy transfer pulses 5207 Portions 5210B
represent energy stored in a storage device contmumg to drive the load. Portions 5210B occur
when the switching module is opened after energy transfer pulses 5207.

' Because a hannomc of the aliasing rate 1s off-set from the frequency of the analog FM
carrier sngnal 716, the energy transfer pulses 5207 “walk 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 carrier signal 716. As-a result, the
energy transfer pulses 5207 capture varying amounts of energy from the analog FM carrier signal
7186, as illustrated by portions 5210, which provides the FM intermediate signal 5212 with an
oscillating frequency Fy.

InFIG. 52F, an analog FM intermediate signal 5214 illustrates the FM intermediate sxgnal
5212 on a compressed time scale. In FIG. 52G, an FM intermediate signal 5216 represents a
filtered version of the FM intermediate si gnal 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 technique.

The present invention can output the unfiltered FM intermediate signal 5214, the filtered
FM intermediate signal 5216, a partially filtered FM intermediate signal, a stair step output signal,
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etc. The choice between these embodiments is generally a design choice that c_lepe‘nds 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 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 example, the digital FM carrier signal 816 oscillates at
approximately 901 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 F,z. FIG.
53Cillustrates an example energy transfer signal 5306 on substantially the same time scaleas FIG. -
53B. The energy trah#fer 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 Fpr.

Step 4612 includes transferring energy from the EM signal at the aliasing rate to down-
convert the EM signal to the an intermediate signal Fjz. 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 F ... 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 intex_‘mcdiatc 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
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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 represent energy transferred from the digital FM carrier signal 816 to a
storage device, while. simultaneously driving an output load. The portions 5310A occur whena
swuchmg module is closed by the energy transfer pulses 5307
Portions 5310B represent energy stored i in a storage device continuing to drive the load.

Portions 5310B occur when the sw1tch1ng 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
catrier signal 816, the energy transfer pulses 5307 “walk through” the digital FM carrier signal
816 at the difference ‘1:"'1'".e4.']uency'I-"m,.-F " In other words, the'energy transfer pulse 5307 occur at .
different locations of subsequent cycles of the dxgltal FM carrier signal 816. As a result, the -

:energy transfer pulses 5307 capture varymg amounts of energy from the digital FM carrier signal
'816 as illustrated by portlons 5310 wh1ch provxdes the FM intérmediste sxgna.l 5312 with an -

osclllatmg frequency Fi.

' In FIG. 53F,a digital FM mtermedmte s:gnal 5314 llustrates the FM intermediate 31gna1
5312 on a compressed time scale In FIG. 53G an FM intermediate sngnal 5316 represents a
fi ltered version of the FM mtermedlate s1gnal 53 1 4 "Thé FM intermediate 51gnal 5316-is
substantlally similar to the dxgltal FM carrier s1gna1 816, except that the FM intermediate 31gnal

5316 is at the intermediate frequency. The FM intermediate sngnal 5316 can be demodulated

through any conventional demodulation techmque
The present invention can output the unfiltered FM mtermedlate signal 5314, the filtered
FM intermediate signal 5316, apartlally filtered FM intermediate signal, a stair step output signal,
etc. The choice between these embodiments is generally adesign choice that depends upon the
application of the invention, | | _
* Thesignals 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 successful ly 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 signal 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, the energy transfer module 6304 receives the energy transfer signal 5206. In step 4612, the
energy transfer module 6304 transfers energy from the analog FM carrier signal 716 at the aliasing
rate of the energy transfer signal 5206, to down-convert the analog FM carrier signal 716 to the
FM intermediate signal 5212,

The opefation of the energy transfer system 6302 is now described. for the digital FM
carrier signal 816, with reference to the flowchart 4607 and the tim_ing diagrams in FIGS. 53A-G."
In step 4608, the energy transfer module 6304 receives the digital FM carrier signal 816. In step
4610, the energy 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 transfer signal 5306, to down-convert the digital FM carrier signal 816 to the
FM intermediate signal 5212. |

Example embodiments of the energy transfer module 6304 are disclosed in Sections4and - -

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 signal 916, illustrated in FIG. 9C, and for the digital PM carrier signal
1016, illustrated in FIG. 10C. | | | -

1.23.1.1 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 convenience. For this example, the analog PM
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carrier signal 916 oscillates at approximately 901 MHZ. InFIG. 54B, an analog PM carrier signal
5404 illustrates a portion of the analog PM carrier signal 916 on an expanded time scale.

The process begins at step 4608, which includes receiving an EM signal. This is
represented by the analog PM carrier signal 916. '

Step 4610 includes receiving an energy transfer signal having an aliasing rate F,x FIG.

54C illustrates an example energy transfer signal 5406 on approximately the same time scale as

FIG. 54B. The energy transfer signal 5406 includes atrain of energy transfer pulses 5407 having
non-negligible apertures that tend away from zero time in duration. The energy transfer pulses
5407 repeat at the aliasing rate, which is determined or sclected as previously described.
Generally, when down-converting to an intermediate signal, the aliasingrate F is substantially
equal to a harmonic or, more typically, a sub-harmenic of the difference frequen’cy Fomr- -
Step 4612 includes transferring energy from the EM signal at the aliasing rate to down-
convert the EM sighal to the IF signal F,z. In FIG. 54D, an affected analog PM carrier signal

.. 5408 1llustrates effects of transfemng energy from the analog PM carriersignal 916 at the aliasing
rate F AR: The affected analog PM carner s1gna1 5408 is nllustrated on substantially the same time

scale as FIGS. 54B and 54C.

FIG 54E illustrates a down-converted PM intermediate signal 5412, which is generated
by the down-conversion process. The down-converted PM intermediate signal 5412 includes
portions 5410A, which correlate with the energy tranefer pulses 5407 in FIG. 54C, and portions
5410B, which are 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. '

Portlons 5410A represent energy transferred from the analog PM carrier signal 91 6toa

: storage device, while s1multaneously driving an output load. The portions 5410A occur whena

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 transfer pulses 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 Fpyr. - In other words, the energy transfer pulse 5407 occur at

different locations of subsequent cycles of the analog PM carrier signal 916. As a result, the

Th1s Sheet Has Been Replaced
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energy transfer pulses 5407 capture varying amounts of energy from the analog PM carrier signal
916, as illustrated by portions 5410, which provides the PM intermediate siénal 5412 with an
oscillating frequency Fig.
InFIG. 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 intermediate signal 5414, the filtered
PM intermediate signal 5416, a partially filtered PM intermediate signal, a stair step dutput signal,
etc. The choice between these embodiments is generally a design choice that depends upon the
application of the invention.
' The signalsreferred to hereinillustrate 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 916 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 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 FIG. 46B. The digital PM carrier signal
1016 isre-illustrated in FIG. 55A for convenience. For this example, the digital PM carrier signal
1016 oscillates at approximately 901 MHZ. In FIG. 55B, a digital PM carrier signal 5504
illustrates a portion of the digital PM carrier signal 1016 on an expanded time scale.

The process begins at step 4608, which includes receiving an EM signal. This is
represented by the digital PM carrier signal 1016. _ _ _

Step 4610 includes receiving an energy transfer signal having an aliasing rate F ;. FIG.
55C illustrates an example energy transfer signal 5506 on suBstantially the same time scale asFIG.
55B. The energy transfer signal 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 aliasing rate, which is determined or selected as previously described.

This Sheet Has Been Replaced
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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 fhe difference freqﬁency |

Step 4612 includes transferring energy from the EM signal at the aliasing rate to down-
convert the EM signal to an intermediate signal Fj. InFIG. 55D, an affected digital PM carrier
signal 5508 illustrates effects of transferring energy from the digital PM carrier signal 1016 at the
aliasing rate F,;. 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 55 12, which is generated
by the down-conversion process. The down-converted PM intermediate signal 5512 includes
portions 5510A, which correlate with the enérgy transfer pulses 5507 in FIG. 55C, and portions
5510B, which are between the energy transfer pulses 5507. Down-converted signal 5512 is

 jllustrated with an arbitrary load impedance. Load impedance optimizations are discussed in

‘Section 5 below.

Portions 5510A represent energy transferred from the digital PM carrier signal 1016 to

a storage device, while simultaﬁe'ousl'y driving an output load. The portions 5510A occur when

a switching module is closed by'-ihe':energy transfer pulses 5507.

" Portions 5510B represent energy stored in a storage device continuing to drive the load.

Portions 5510B occur when the switching module is opened after energy transfer pulses 5507.

Because a harmonic of the aliasing rate is off-set from the frequency of the digital PM
carrier signal 716, the energy transfer pulses 5507 “walk through” the digital PM carrier signal
1016 at the difference frequency Fpyr. In other words, the energy transfer pulse 5507 occur at
different locations of subsequént cycles of the digital PM carrier signal 1016. As a result, the
energy transfer pulses 5507 capture varying amounts of energy from the digital PM carrier signal
1016, as illustrated by portions 5510, which provides the PM intermediate signal 5512 with an
oscillating frequency Fi. | o

InFIG. 55F, a digital PM intermediate signal 5514 illustrates the PM intermediate signal
5512 on a compressed time scale. In FIG. 55G, an PM 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 at the intermediate frequency. The PM intermediate signal 5516 can be demodulated

through any conventional demodulation technique.
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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 frequency down-conversion in accordance with the
invention. For example, the PM intermediate signals 5514.in FIG. 55F and 5516 in FIG. 55G
illustrate that the 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

- Operation of the energy transfer system 6302 is now described for the analog PM carrier -

signal 916, with reference to the flowchart 4607 and the timing diagrams in FIGS. 54A-G. Instep

4608, the energy transfer module 6304 receives the analog PM carrier signal 916. In step 4610, .
the energy transfer module 6304 receives the energy transfer signal 5406. In step 4612, the
energy transfer module 6304 transfers 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. . _ _
Operation 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 transfer module 6304 receives the digital PM carrier signat 1016. In step .
4610, the energy transfer module 6304 receives the energy transfer signal 5506. In step 4612, the
energy transfer module 6304 transfers energy from the digital PM carrier signal 1016 at the
aliasing rate of the energy transfer signal 5506, to down-convert the di gifal 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 described above are provided for purposes of illustration. These

embodlments are not mtended to limit the invention. Alternate embodiments, differing slightly
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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 energy transfer module 6304

are disclosed in Sections 4 and 5 below.

13 -Implementation Examples

- Exemplary operational and/or structural 1mplementatmns related to the method(s),
structure(s), and/or embodiments described above are presented in Sectlons 4 and 5below. These-
1mp1ementatxons are presented for purposes of illustration, and not limitation. The invention is -
not limited to the particular implementation examples described therein. Altémate 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. .- Directly Down-Converting an EM Signal to an Demodulated 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 embodiment is referred to herein as direct-
to-data down-conversion and is illustrated by 4516 in FIG. 45B.

This embodiment can be 1mplemented with modulated and unmodulated EM signals. This
embodiment is described herein using the modulated carrier 51gnal FycinFIG. 1,asan example
In the example, the modulated carrier signal F, is directly down-converted to the demodulated -
baseband signal Fpyp. Upon readmg the disclosure and examples therein, one skilled in the
relevant art(s) will understand that the invention can be n'nplemented to down-convert any EM
signal, including but not limited to, modulated carrier signals and unmodulated carrier signals.

The following sections describe methods for directly down-converting the modulated
carrier signal F,, to the demodulated baseband signal Fpyg. Exemplary structural embodiments
for implementing the methods are also described. It should be understood that the invention n
not hmlted to the partlcu]ar embodiments described below. Equwalents, extensions, variations,

dev:atlons etc., of the following will be apparent to persons skilled in the relevant art(s) basedon
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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.

2.1  High Level Description

This section (including its subsections) provides a high-level description of transferring
energy from the modulated carrier signal F,,. to directly down-convert the modulated carrier
signal Fy to the demodulated baseband signal Fp,,;, according to the invention. In particular,
an.operational procesé of directly down-converting the modulated carrier signal F, to the
demodulated baseband signal Fp,,, 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 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. 46C depicts a flowchart 4613 that illustrates an exemplary method for transferring
energy from tﬁe modulated carrier signal.FMC to dirccﬂy down-convert the modulated carrier
signal Fy. to the demodulated baseband signal Fp,,,;. The exemplary method illustrated in the
flowchart 4613 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 descriptidnS
for AM and PM example embodiments. FM presents special considerations that are cieait with
séparétely in Section IIL3. Upon féhding the disclosure and éxémjales therein, one skilled in the.
relevant art(s) will understand that the invention can be implemenfed to down-convert any type

of EM signal, including any form of modulated carrier signal and unmodulated carrier signals.
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_ The high-level process illustrated in the flowchart 4613 is now.described at a high Jevel
using the digital AM carrier signal 616, from FIG. 6C. The digital AM can'ie-r_signal 616 is re-
illustrated in FIG. 56A for convenience.

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 ;. 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 eXémple, the non-negligible apertures 5606 can be less than the
period. of the signal 616 such as, 1/8, %, ', 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 ofa -

‘'variety of criteria, as described in sections below.

* - The energy transfer pulses 5 604 repeat at the aliasing rate or pulse repetition rate. The

aliasing rate is determined in accordance with EQ. (2), reproduced below for convenience. -
Fe=neFypxFy = ' EQ. (2)

When directly down-cohverting_ an EM signal to baseband ( i.e., zero IF), EQ. (2)

beéofnes:
.Fc =neFap - | EQ. (8)

Thus, to directly down-convert the AM signal 616toa demodul ated baseband signal, the aliasing
rateis substantlally equal tothe frequency ofthe AM signal 616 orto a harmonic or sub-harmonic
thereof. Although the ahasmg rate is too low to permit reconstruction of higher frequency
components of the AM sxgnal 616 (e, the carrier frequency) it is high enough to permit
substantlal reconstructlon of the lower frequency modulating baseband signal 310.

Step 461 8 inchudes transferring energy from the EM sngnal at the aliasing rate to dlrectly
down-convert the EM signal to a demodulated baseband signal Fp,; FIG. 56C illustrates a
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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 310inFIG.
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 application of the invention.

2.1.2 Structural Description

In an embodiment, the energy transfer system 6302 transfe;rs energy from any type of EM
signal, including modulated carrier signals and unmodulated carrier signal, to directly. down-
convert the EM signal to a demodulated 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 pérforming
the steps of the flowchart 4613. 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 in at a 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 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 disclosed in Sections
4 and 5 below. _

2.2  Example Embodiments

Various embodimgnts related to the method(é) and structure(s) described above are

presented in this section (and its subsections). These embodiments are described herein for
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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 s1gnal to the demodulated baseband sxgnal Foms»
illustrated in the flowchart 4613 of FIG. 46C, can be. implemented with various types of
modulated carrier signals including, but not limited to, AM, PM, etc., orany combination thereof.
The flowchart 4613 of 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.
" 221 First Example Enibodiment: Amplitude Modulation
2.2.1.1 .Operation_a'l "De,scription_'

i Opera'aon of the exemplary process of the ﬂowchart 461 3in FIG 46C is descr:bed be]ow :

_ for the analog AM carrier signal 51 6, 1Ilustrated in FIG 5C, and for the digital AM carrier s1gnal |

616 1llustrated in FIG. 6C.
2;2.1.1.1 .Analog'AM Carrier Sighal |

A process for directly doWn—convexﬁng the analog AM cai'rier signal 516 in FIG. 5C to
a demodulated baseband signal is now described with reference to the flowchart 4613 in FIG.
46C. Theanalog AM carrier si gnal 516 isre-illustrated in 57A for convenience. For this example,
the analog AM carrier signal 516 oscillates at approximately 900 MHZ. In FIG. 57B, an analog.
AM carrier signal portion 5704 illustrates a portion of the analog AM carrier signal 516 on an
expanded time scale. | ' '

- The process begins at step 4614, which includes receiving an EM signal. - This is

represented by the analog AM carrier signal 516.

Step4616includes recelvmg anenergy transfer signal having an ahasmg rate Fur- In FIG
57C,an example energy transfer signal 5706 is illustrated on approxlmatel} the same time scale

as FIG. 57B. The energy transfer signal 5706 includes a train of energy transfer pulses 5707
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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,, 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 Fpys. InFIG. 57D, an affected
analog AM carrier signal 5708 illustrates effects of transferring energy from the analog AM carrier
signal 516 at the aliasing rate F ;. The affected analog AM carrier signal 5708 is illustrated on
substantially the same time scale as FIGS. 57B and 57C. | ;

FIG. 57E illustrates ademodulated baseband signal 5712, Which is generated by the down-
conversion process. Because a harmonic ofthe aliasing rate is substantially equal to t.he'frequen.cy
of the signal 516, essentially no IF is produced. The only substantial aliased comiponent is the
baseband signal. The demodulated baseband signal 5712 is illustrélted with an arbitrary load
impedance. Load impedance optimizations are discussed in Section 5 below. - :

The demodulated baseband signal 5712 includes portlons 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 represent energy'&ansfened from the analog AM carrier
signal 516 to a storage device, while simultaneously driving an output load. The portions 5710A
occur when a switching module is closed by the energy transfer pulses 5707. Portions 5710B- -
represent energy stored in a storage device continuing to drive the load. Portions 5710B occur
when the sthchmg module is opened after energy transfer pulses 5707.

In FIG. 57F, a demodulated baseband s1gnal 5716 represents a filtered version of the
demodulated baseband signal 5712, on a compressed time scale. The demodulated baseband
signal 5716 is substantially similar to the modulating baseband signél 210 and can be further
processed using ény signal .processing technique(s) without further .down-conversion or
demodulation. “

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 generally a design choice
that depends upon the application of the invention. | |

The aliasing rate of the energy transfer signal is preferably controlied to optimize the

demodulated bnseband signal for amplitude output and polarity, as desired.
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The drawings referred to herein illustrate direct down-conversion in accordance with the
invention. For example, the de_rnodulated baseband signals 5712 in FIG. 57E.and 5716 in FIG.
57F 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 dlrectly down-convertmg the digital AM carrier sxgnal 616 in FIG. 6C to
a demodulated baseband signal is now described for the flowchart 4613 in FIG. 46C. The dxgltal
AM carrier srgndl 616is re-lllustrated in 58A for convenience. For this example, the dlgrtal AM
camer 51gnal 616 osc1llates at approxrmately 900 MHZ. InFIG. 58B, a digital AM carrier srgnal

' portlon 5804 1llustrates a portion of the digital AM carrier si ignal 61 6 on an expanded time scale

The process begins at- step 4614, whtch includes receiving an EM s1gnal ‘This is
represented by the dlgnal AM camer 51gnal 616.

Step 4616 includes recelvmg anenergy transfer signal havmg analiasing? rate F AR: InFIG. .
58C an example energy transfer signal 5806 is 1llustrated on approx1mately the same time scale
as FIG. 58B. The energy transfer signal 5806 includes a train of energy transfer pulses 5807
having non—neghg1ble 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-convertlng an EM signal to a demodulated baseband signal, the

' ahasmg rate F AR1S substantxally equal to a harmonic or, more typxcally, a sub-harmomc of the EM

' srgnal

Stcp 4618 includes transferring energy from the EM signal at the aliasing rate to directly
down-convert the EM signal o the demodulated baseband signal s 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 1llustrates a demodulated baseband signal 5812, which.is generated by the down-
conversion process. Because aharmonic of the ahasmg rateis substantlally equal tothe frequency

of the signal 616, essentially no IF is produced. The only substantial aliased component is the
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baseband signal. The demodulated baseband signal 5812 is jllustrated with. an arbitrary load
impedance. Load impedance optimizations are discussed in Section 5 below.

The demodulated baseband signal 5812 includes portions 58104, 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 transfer pulses 5807. Portions 5810B
represent 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 substantially similar to the modulating baseband signal 310 and can be further
piocessed using any signal processing technique(s) without further down-conversion or
demodulation.

The present invention can output the unfiltered demodulated baseband signal 5812, the
filtered demodulated _baséband signal 5816, 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 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 be: understood that the scope and spirit of the
invention includes other structural embodiments for performing the steps of the flowchart 1413.
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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 descrrbed for the digital AM carrier
signal 516, with reference to the flowchart 4613 and the timing diagrams in FIGS. 57A-F. Instep
4612, the energy transfer module 6404 receives the analog AM carrier signal 516, In step 4614,

the energy transfer module 6404 receives the energy transfer signal 5706. In step 4618, the

energy transfer module 6404 transfers energy from the analog AM carrier signal 516 at the
-aliasing rate of the energy transfer signal 5706, to directly down-convert the digital AM carrier
srgnal 516 to the demodulated baseband signals 5712 or 5716.. ,

The operation of the energy transfer system 6402 is now described for the drgxtal AM
carrier signal 616, with reference to the flowchart 46 13 and the timing diagrams in FIG_S. 58A-F.
I_n' step 4614, the energy transfer m__(_)dule 6404' receives the digital' AM carrier signal 616. In step

| 46-16' the energy transfer module 6404 receives the 'energy transfer signél 5806. Instep 4618, the

energy transfer module 6404 transfers energy ‘from the digital AM carrier srgnal 616atthe ahasmg-

_rate ofthe energy transfer si gnal 5806 to drrectly down-convert the di grtal AM carrier signal 616
to the dcmodulated baseband srgnals 5812 or 5816

Example 1mplementat10ns of the energy transfer module 6302 are drsclosed in Sectlons

2.2.2 . Second Example Embodiment: Phase Modulation.
' 2.2.2.1 Operational Descriptfon

_ Operation of the exemplary process of flowchart 4613 in FIG. 46C is described below for
theanalog 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 ademodulated

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. InFIG. 59B, an analog PM carrier signal portion 5904

- illustrates a portion of the analog PM carrier signal 916 on an expanded time scale.
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- The process begins at step 4614, which includes receiving an EM signal. This is
represented by the analog PM carrier signal 916. '

Step 4616 includes receiving an energy transfer signal having an aliasing rate F . InFIG.
59C, an example energy transfer signal 5906 is illustrated on approximately the same time scale -
as FIG. 59B. The energy 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. o : :
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,,5- 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
substar'ntially' the same time scale as FIGS. 59B and 59C. _ N

FIG. 59E illustrates a demodulated bascband signal 5912, which is generated by the down-
conversion process. Because aharmonic of the aliasing rate is substantially equal to the frequency:
of the signal 516, essentially no IF is produced. The. only substantial éliased component is the
baseband signal. The demodulated baseband signal 5912 is illustrated with an arbitrary load
impedance. Load impedance optimizations afe discussed in Section 5 below.

_ The demodulated baseband signal 5912 includes pdrtions 5910A, which correlate.with the .
energy transfer pulses 5907 in FIG. 59C, and portions 59103, which afe between the energy

transfer pulses 5907. Portions 5910A represent énergy transferred from the analog PM carrier

signal 916 to a storage device, while simﬁltaﬁéously drii/ing an output load. The portions 5910A
occur when a switching.module is closed_ by the energy transfer pulses 5907. Portions 5910B
represent energy stored in a storagé device continuing to drive the load. Portions 5910B occur
when the switching module is opened aﬁer enérgy transfer pulses 5907. '

In FIG. 59F, a demodulated baseband signal 5916 represents a filtered version of the
demodulated baseband signal 5912, ona compre_ssed time scale. The demodulated baseband
signal 5916 is éubstantia]ly similar to the modulating baseband signal 210 and can be further
processéd using any signal processing technique(s) without further down-conversion or

demodulation.
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- - 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. 59E and 5916 in FIG.

S9F 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 d1rect1y down-convertmg the dlgltal PM carrier s1gnal 1016 inFIG. 6C to -
a demodulated baseband si gnal isnow descnbed for the ﬂowchart 461 3in HG 46C The dtgltal -
| ._ PM camer s1gnal 1 01 6 is re-tllustrated in 6OA for convemence For thts example the dxgltal PM
: carner 51gnal 1016 oscﬂlates at approxlmately 900 MHZ In FIG 60B adi gltal PM carrier signal

pomon 6004 1llustrates a pornon ofthe dlgxtal PM carner s1gnal 1016 onan expanded tlme scale.

The process begins at step 4614 Wthh mcludes rece1v1ng an EM S1gnal ThlS is
represented by the dlgltal PM carrier signal 1016
_ Step 4616 mcludes recelvmg an energy transfer sxgnal FAR In FIG. 60C, an example
energy transfer srgnal 6006 is 1llustrated on approximately the same time scale asFIG. 60B The
energy transfer s1gna] 6006 1ncludes atrain of energy transfer pulses 6007 having non-negllgtble
apertures that tend away from zero time in duration. The energy transfer pulses 6007 repeat at
the aliasing rate, whtch is determmed or selected as prev1ous1y described. Generally, when

directly down-convemng an EM signal toa demodulated baseband sngnal the aliasing rate F .;

is substantlally equal to a harmomc or, more typlcally, a sub-harmonic of the EM 51gnal

Step 461 8 mcludes transfemng energy from the EM sngnal at the aliasing rate to directly
down—convert the EM signal to the demodulated baseband s:gnal Fpue- InF1G. 60D, an affected
di gltal PM carrier signal 6008 illustrates effects of transferring energy from the digital PM carrier
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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 lllustrates a demodulated baseband sxgnal 6012, which is generated by the down-
conversion process. Because aharmomc ofthe ahasmg 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 optimizations are dxscussed in Section 5 below.

The demodulated baseband signal 6012 meludes portions 6010A which correlate with the
energy transfer pulses 6007 in FIG. 60C, and portions 6010B, Wthh are between the energy
transfer pulses 6007. Portions 6010A repreeent energy transferred from the digital PM carrier -
signal 1016 to astorage device, while simulfaneously driving an output load. The poi'tions 6010A
occur when a switching module is closed by the energy transfer pulses 6007. 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.- T e

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 osing any signal processing technique(s) without further down-conversion or
demodulatlon |

The present invention can output the unfiltered demodulated baseband signal 6012, the
filtered demodulated baseband signal 6016, a partially filtered demodulated baseband sxgna] a.
stair step output signal, etc. The choice between these embodiments is generally adesign choice
that depends upon the application of the invention.

The aliasing rate of the energy transfer signal is preferably controlled to optlmxze the .
down-converted signal for amplitude output and polanty as desired.

The drawings referred to herein illustrate direct down-conversxon in accordance with the
invention. For example, the demodulated baseband signals 6012 in FIG. 60E and 6016 in FIG.
60F illustrate that the digital PM carrier signal 1016 was successfully down-converted to a
demodulated baseband signal by retaining enough baseband information for sufficient

reconstruction.
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2.2.2.2 Structural Description

In an embodiment, the energy transfer system 63 02 preferahly transfers energy from an
EM signal to drrectly down-eonvert it to a demodulated baseband srgnal in the manner shown in

the operatlonal flowchart 4613. But it should be understood that the scope and spirit of the

. 1nventron includes other structural embodiments for perforrnrng the steps of the ﬂowchart 1413.

The specifics of the other structural embodrments will be apparent to persons skilled in the

relevant art(s) based on the drscussxon contained herem

Operatmn of the energy transfer system 6302 i is now described for the analog PM carrier
sr gnal 916 thh reference to the flowchart 4613 and the timing dlagrams in FIGS. 59A-F In step
4614 the energy transfer module 6304 recerves the analog PM carrier 51gnal 91 6 In step 4616,
the energy transfer modnle 6304 receives the energy transfer s1gna1 5906. In step 4618, the

_ energy transfer module 63 04 transfers energy from the analog PM carrier signal 9 16atthe aliasing

rate of the energy transfer 51gnal 5906 to d1rectly down-convert the analog PM carrier signal 916
to the demodulated baseband srgnals 5912 or 59l6
o Operatlon of the energy. transfer system 63 02 is now described for the dtgrtal PM carrier

4616, the energy transfer module 6404 receives the energy transfer signal 6006. In step 4618, the

' energy transfer module 6404 transfers energy from the dlgrtal PM carrier signal 1016 at the
. ahasrng rate of the energy transfer signal 6006, to drrectly down-convert the digital PM carrier

signal 1016 to the demodulated baseband sxgnal 6012 or 6016.

Example 1mplementatrons of the energy transfer module 63 02 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 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
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~ 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

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
notlimited 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.

3. Modulation Conversion

Inan embodiment, the invention down-converts an FM carrier signal F,;Mc to a non-FM

| signal F, (NON_F-M),'by transferring energy from the FM carrier signal Fp- at an aliasing rate. This

embodiment is illustrated in FIG. 45B as 4518.

In an example embodiment, the FM carrier signal Fp,c is down-converted to é phase -
modulated (PM) signal Fpu. Inanother example emb.odiment, the FM carrier signal Fp, . 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 Fypp. | R |

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 isa 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 digital FM signal 816 is
an FSK signal that shifts between an upper frequency and a lower fréquency', corresponding to
amplitude shifts in the digital modulating baseband signal 310. The FSK signal 816 is used in

example embodiments below.
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. Inafirstexample embodxment energy is transferred from the FSK 31gnal 816 atanaliasing
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 is a sub-set of phase modulation, wherein a PM signal shifts or
swiiches 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 101 6 can be demodulated by any conventional PSK demodulation
technique(s). | . ' '

In a second example embodiment, energy is transferred from the FSK signal 816 at an
aliasing rate that is based upon either the upper frequency or the lower frequency of the FSK -

. signal 816. When the aliasing rate is based upon the upper frequency 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 istypically 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 arhplitude The ASK signal 616 can be demodulated by any
- conventional ASK demodulation technique(s). '

The following sections describe methods for transferrmg energy. from an FM carrier signal

. Fruic to down-convert it to the non-FM sxgnal Fnon.rvy Exemplary structural embodiments for

implementing the methods are also described. 1t should be understood that the invention is not
limited to the particular embodlments described below. Equxvalents, extensions, vanatxons
deviations, etc., of the following will be apparent to persons skilled in the relevant art(s) based on
the teachings contamed herem Such equlvalents extensions, vanatlons, deviations, etc., are
within the scope and spmt of the present invention. '

- The following sections mclude a hlgh level discussion, example embodlments and

implementation examples

3.1  High Level Description

This section _(inclﬁdin_g its subsections) provides a high-level description of transferring
energy from the FM carrier signal Fy,, to down-convert it to the non-FM signal Fonem

according to the invention. In particular, an operational process for down-converting the FM
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carrier signal Fpy to.the non-FM signal F o5, is described at a high-level. .Also, a structural .
implementation for implementing this process is described at a hi gh-level. The structural
implementation is described herein for illustrative purposes, and is not limiting. In parﬁcular, 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.

3.1.1 Operational Description

FIG. 46D depicts a flowchart 4619 that illustrates an exemplary method for down- = -
converting the FM carrier signal Fg,, to the non-FM signal Faonemy The exemplary method
illustrated in the flowchart 4619 is an embodiment of the flowchart 4601 in FIG. 46A.

- Any and all forms of frequency modulation techniques are valid for 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 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
frequency 8410 and a second frequency 8412. The first frequency 8410 can be higher or lower
than the second frequency 8412. In an exemplary embodiment, the first frequency 8410 is
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 transfer signal 8402 which includes a train of energy transfer
pulses 8403 having non-negligible apertures 8405 that tend away from zero time in duration.

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 Fpy,. to

anon-FM signal Fyqy gy, the aliasing rate is substantially eqﬁal to a harmonic or, more typically,
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a 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-harmonic of the mid-point between the

‘first frequency 8410 and the second frequency 8412. For the present example, the mid-point is

approximately 900 MHZ. _ o

Step 4624 includes transferring energy from the FM carrier sxgnal Frucat the aliasing rate
to down-convert the FM carrier signal Fyy,c to the non-FM signal Fponem) FIG. 84C illustrates
a PSK signal 8404, which is generated by the modulation conversion process.

When the second frequency 8412 isunder-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 | MHZ and is phase shifted 180 degrees :

~. from the phase reference. :.

 FIG. 84D depicts a PSK signal 8406, which is afiltered 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 s1gnals is. generally a desxgn choice that depends upon the application of the -

- -invention. -

- The aliasing rate of the energy transfer signal is preferably controlled to optimize the
down-coriverted signal for amplitude output and polarity, as desired.

‘Detailed exemplary embodiments for down-converting an F SK signal toaPSK si gnal and

- for down-converting an FSK signal to an ASK signal are provided below.

'3.1.2 Structural Description

_..F_IG. 63 illustrates the energy n_'ansfer. system 6302 according to an emﬁodiment 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. | o | |

- In amodulatmn conversion embodxment the EM signal 1304 is an FM carrier signal Fc
and the energy transfer module 6304 transfers energy from FM carrier signal at a harmonic or,
more typically, a sub-harmonic of a frequency within the FM frequency band. Preferably, the

energy transfer module 6304 wransfers energy from the FM carrier signal Fpyc to down-convert
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it to a non-FM signal F oy, in the manner shown in the operational flowchart 4619. But it
should be understood that the scope and spirit of the invention include§ 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 operation 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 aliasing rate of the energy transfer signal 8402 to down-
convert the FSK signal 816 to the PSK signal 8404 or 8406. . ' '

Example implementations of the energy transfer module 6302 are provided in Section 4

below.

3.2.  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. _

 Themethod for down-converting an FM carrier signal ch to. anon-FM signal, Fyonrvy,
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

- This Sheet Has Been R.
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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

' 3.2.11 Operational Description

A process for down-converting the FSK signal 816 in FIG. 8C to a PSK signal is now

described for the flowchart 4619 in FIG. 46D. )
The FSK signal 816 is re-illustrated in FIG. 61A for convenience. The FSK signal 816

shifts between a first frequency 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, the 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
approxnmately 901 MI-IZ | |

~ FIG. 61B illustrates an FSK sxgnal pomon 6104 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 5. 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 puises 6109 having
non-negligible apertures that tend away from zero time in duration. The energy transfer pulses
6109 repeat at the aliasing rate F,g, 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-_eonverted to a PSK signal, the
aliasing rate is substantially equal to a harmenic 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.
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s Steﬁ 4624 includes transferring energy from the FM signal at the aliasing rate to down--
convert it to the non-FM signal F(,;ON_FM,. In FIG. 61D, an affected FSK sigﬁal 6118 illustrates
effects of transferring energy from the FSK signal 816 at the aliasing rate F,z. 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 impedance. Load impedance -
optimizations are discussed in Section 5 below.

The PSK signal 6112 includes portions 6110A, which correlate with the energy transfer
pulses 6107 in FIG. 61C. The PSK signal 6112 also includes portions 6110B, which are between
the energy transfer pulses 6109. Portions 6110A represent energy transferred from the FSK 816
to a storage device, while simuitaneously driving an output load. The portions611 0A occur when
aswitching module is closed by the energy transfer pulses 6109. Portions 6110B represent energy
stored ina storage device continuing to drive the load. Portions 6110B occur when the switching
module is opened after energy transfer pulses 6107.

InFIG. 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 depends upon the application of the iﬁvention. The PSK signals
6112 and 6114 can be demodulated with a conventional demodulation technique(s). -

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 modulation conversion in accordance with the
invention. For example, the PSK signals 6112 in FIG. 61E and 6114 in FIG. 61F illustrate that
the FSK signal 816 was successfully 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 trahsfer 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. Instep 4620, the energy transfer module 1606 receives the FSK signal



10

15

30

- WO 00/24117 PCTUS99/24299
-146-

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.

3.2.2  Second Example Embodiment: Down-Converting an FM Signal to an .
AM Signal

3.2.2.1 Operdtional Descriptibn

A process for down-converting the FSK signal 816 in FIG. 8C to an ASK 51gnal 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:
shlﬁs between - a- first frequency 6206 and a second ﬁequency 6208. In the exemplary
embod:ment the first frequency 62061 is lower than the second frequency 6208. In an alternative

"embodlment the first frequency 6206 is hlgherthanthe second frequency 6208. For this example,
‘the first frequency 6206 is appmx1mately 899 MHZ and the second frequency 6208 is
" 'approxxmately 901 MHZ. '

FIG. 62B illustrates an FSK signal portion 6204 that represents a portlon of the FSK.-

' :sxgnal 816 on an expanded time scale.

The process begins at step 4620 which includes receiving an FM s1gnal This is
represented by the FSK signal 816. -
Step 4622 includes recei\)ing an energy transfer signal having an aliasing rate F 5. FIG.

- 62C illustrates an example energy transfer signal 6207 on approximately the same time scale as

FIG. 62B. The energy transfer signal 6207 includes a train of energy transfer pulses 6209 having
non-negligible 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 signai to a non-FM signal, the aliasing rate is
substantially equal toa harmonic or, more typical_ly; 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, ore typically, a sub-harmonic, of either the |

first frequency 6206 or the second frequency 6208. In this example. where the first frequency
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6206 is 899 MHZ 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 trahsferring energy from the FM signal at the aliasing rate to down-
convert it to the non-FM signal Foeonsy: In FIG. 62D, an affected FSK signal 6218 illustrates
effects of transferring ehergy from the FSK signal 816 at the aliasing rate F AR 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 genefated by the quulation conversion
process. ASK signal 6212 is illustrated with an arbitrary load impedaﬁce. 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 from the FSK 816

to a storage device, while simultaneously driving an output load. Portions 6210A occur when a

switching module is closed by the energy transfer pulses 6207. Portions 6210B representenergy . . -

storedina storage device continuing to drive the load. Portions 6210B occur when the switching -
module is opened after energy transfer pulses 6207.
InFIG. 62F, an ASK signal 6214 represents a filtered version 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 applicatibn of the invention. The ASK signals
6212 and 6214 can be demodulated with a conventional demodulation technique(s).

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 62 14 in FIG. 62F illustrate that
the FSK signal 816 was successfully down-converted to an ASK 51gnal by retammg enough

baseband information for sufficient reconstruction.
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3.2.2.2 Structural Description

_ The operation of the ehergy transfer system 1602 is now déscﬁbed for down-converting
the FSK signal 816 to an ASK sxgna] 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 (FIG. 62A) In step 4622, the energy transfer module 6304 receives the energy transfer signal
6207 (FIG. 62C) In step 4624, the energy transfer module 6304 transfers energy from the FSK
signal 818 at the ahasmg rate of the energy transfer s:gnal 6207 to down-convert the FSK signal
816 to the ASK signal _6212 in FIG. 62E or the ASK 51gnal 6214 in FIG. 62F

' 3.2.3 Other Example Embodiments

The embodiments described above are provided for' purposes of illustration. These
embodlmcnts are not intended to limit the invention. Altemate embodxments, differing shghtly
or substantlally 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 lmplementatlons of the energy transfer modu]e 6302 are dlsclosed in Sectlons.,

4 and 5 below.
‘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
implementations are presented for pﬁrposes of illustration, and not limitation. The invention is
not limited to the particular implementation examples desctibed therein. Alternate implementations
(including equivalents, extensions, variations, deviations, etc., of those described herein) will be
apparent to persons skilled in the relevant ar(s) based on the teachings contained herein. Such

alternate implementations fall within the scope and spirit of the present invention.
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4. Implementation Examples

Exemplary operational and/or structural implementations relatéd to the method(s),
structure(s), and/or embodiments described above are presented in this section (and its
subsections). These implementations are presented herein for purposes of illustration, and not
limitation. The invention is not limited to the particular implementation 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 spiritof the -
present invention.

FIG. 63 illustrates an energy transfer system 6302, which is an exemplary embodiment of
the generic aliasing system 1302 in FIG: 13. The energy transfer system 6302 includes an energy
trénsfer 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 ;. ' T

The energy transfer module 6304 transfers energy from the EM signal 1304 at the éliasing R
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
energy transfer module 6304 outputs a down-converted signal 1308B, which includes non--
negligible amounts of energy transferred from the EM signal 1304.

F1G. 64A illustrates an exemplafy 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 illustrates the exemplary gated transfer system 6402, which is an exemplary
implementation of the energy transfer system 6302. The gated transfer system 6402 inc ludes the
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gated transfer module 6404, 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 Fyg. ' .

The gated transfer module 6404 transfers energy from the EM signal 1304 at the aliasing
fate 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 signal 1308B, which includes non-

. negligible amounts of energy transferred from the EM signal 1304.

4.1.1 TheGated T ransfer System as a Switch Module and a Stomge Module

FIG 65 illustratesan cxample embodlment ofthe gated transfer module 6404 as mcludmg.l

o a sw1tch 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, operatlon of the sthch module 6502 and the storage module 6506 is now .
descnbed for down-converting the EM signal 1304 to an intermediate signal, with reference to
the flowchart 4607 and the example timing diagrams in FIG. _83_A—F .

In step 4608, the switch module 6502 receives the EM signal 1304 (FIG. 83A). Instep.
4610, the switch module 6502 receives the energy transfer signal 6306 (FIG. 83C). Instep 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 clos_eé 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 iliustrates the transferred energy stored in the storage module 6506. The

‘storage module 6506 outputs the transferred energy as the down-converted signal 1308B. The
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storage module 6506 can output the down-converted signal 1308B as an uﬂﬁl_tered signal such

as signal shown in FIG. 83E, or as a filtered down-converted signal (FIG. 83F).

4.1.2 The Gated Transfer System as Break-Before-Make Module

FIG. 67A illustrates an example embodiment of the gated transfer 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 includ_es 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 froman . =

output 6710.

FIG. 678 illustrates an example timing diagra:n 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 c.ontrols the normally closed switch 6706. Operation of the break- -
before-make module 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 10, 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.

 Attime tl, the energy transfer signal 6306 in FIG. 67B closes the normally open switch
6704 for the non-negligible duration of a pulse. This couples the EM signal 1304 to the storage
module 6716. S | |
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- . 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 12, the isolation signal 6712 in FIG. 67C closes the normally closed switch 6706.
This couples 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 reférence to the gated transfer system 6501 in FIG. 65. '

4.1.3 Example Implementations of the Switch Module

. The sw1tch module 6502 in FIG 65 and the sw1tch modules 6704 and 6706 inFI1G. 67A
can be any type of swuch dev:ce that preferably hasa relatxvely low impedance when closed and
a relatively hlgh lmpedance when open. The switch modules 6502, 6704 and 6706 can be

_ nnplemented with normally- open or normally closed sw1tches The swntch modules need not be

| _ 1deal sthch modules

15

25

30

_ FlG 66B |1lustrates the sw:tch modules 6502 6704 and 6706asa swltch module 66] 0

Switch module 6610 canbe unplemented in elther normally openor normally closed archltecture

© The sw1tch module 6610 (e.g., switch modules 6502, 6704, and 6706) can be 1mplemented with

any type of sultable switch devwe, mcludmg, but not 11mxted to mechanical switch dev1ces and
electncal swnch devices, optical switch devices, etc., and combmattons thereof Such devnces
include, but are not. lxmxted to transistor switch devices, ledC switch devices, relay switch
devices, optical switch devices, micro-machine switch devices, etc., or combinations thereof. ?
~ In an embodiment, the switch module 6610 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. |
InFIG. 66A, the switch module 6610 is illustrated as a FET 6602. The FET 6602 canbe
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 and the drain 6608.
In an embodiment, the source 6606 and the drain 6608 are interchangeable. o
It should be understood that the illustration 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
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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 contéined herein.
InFIG. 66C, the switch module 6610 is illustrated as a diode switch 6612, which operates
as a two lead device when the energy transfer signal 6306 is coupled to the output 6613.
InFIG. 66D, the switchmodule 6610 is illustrated as a diode switch 6614, 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 énd 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. Reactive electrical -
components include, but are not limited to, capacitors and inductors.

'In an embodiment, the storage modules 6506 and 6716 include one or more capacitive -
storage elements, illustrated in FIG. 68B as a capacitive storage module 6302. In FIG. 68C, the
capacitive storage module 6802 is illustrated as one or more capacitors illustrated generally as. -
capacitor(s) 6304.

The goal of the storage modules 6506 and 6716 is to store non-negligible amounts of
energy transferred from the EM signal 1304. Amplitude reproduction 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-negligible aperture period. -

A terminal 6806 serves as an output of the capacitive storage module 6802. The
capacitive storage module 6802 provides the stored energy at the terminal 6806. FIG. 68F
illustrates the capacitive storage module 6802 as including a series capacitor 6812; which canbe
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.
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In an alternative embodiment, the storage modules 6506 and 671 6 include a combination

of one or more capacitive storage elements and one or more inductive storage elements, illustrated

in FIG. 68Easa capacmve/mductwe storage module 6810.

FIG. 68G illustrates an 1ntegrated gated transfer system 6818 that can be implemented to
down-convert the EM signal 1304 as 1llustrated in, and described w1th reference to, FIGS. 83A—F

4.1.5 Optional Energy Transfer Signal Module

FIG. 69 illustrates an energy transfer sysfem 6901, which is an example embodiment of
the energy transfer system 6302. . The energy transfer system 6901 includes an opﬁonal energy
transfer signal module 6902, which can perform any of a variety of functions or combinations of
functions including, but not limited to, generating the energy transfer signal 6306.

‘In an embodiment, the optional energy transfer signal module 6902 includes an aperture

- generator, an example of which is illustrated in FIG. 68J as an aperture generator 6820. The
 aperture generator 6820 generates non-negligible aperture pulses 6826 from an input signal 6824.
- The input signal 6824 can be any type of periodic signal, including, but not limited to, a sinusoid,

- a squ'a‘ré wave, a saw-tooth wave, etc. Systems for generating the input signal 6824 are described

below.
" The width or aperture of the pulses 6826 is determined by delay through the branch 6322

of the aperture generator 6820. Generally, as the desired pulse width increases, the difficulty in

meeting the requirements of the aperture generator 6820 decrease. In other words, to generate
non-neghglble aperture pulses for a given EM. input frequency, the compenents utilized in the
example aperture generator 6820 do not require as fast reaction times as those that are required
in an under-sampling system operating with the same EM input frequency.

- The example logic and implementation shown in the aperture generator 6820 are provided
for illustrative purposes only, and are not limiting. 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 681. FIG. 68H
illustrates a rising edge pulse generator 6840, which generates pulses 6826 on rising edges of the
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input signal 6824, FIG. 681 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 6824 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 signal 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. a '

- Thetypeof down-conversion performed by the energy transfer system 6901 d'epeﬁds'up.o'n
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 signél 1304 is directly down-
converted to base’band (e.g. when the EM signal is an AM signal or a PM signal), or _conVert_ed
from FMto a non-FM signal. When the frequency 6f the'ihput signal 6824 is substantially equal
to aharmonic or a sub-harmonic of a difference fréquency., the EM signal 1304 is down-converted
to an intermediate signal. | ..

The optional energy transfer signal module 6902 cah be iinplemented in hardware,

software, firmware, or any combination thereof.

4.2 . The Energy Transfer System as an Inverted Gated T}énsfér System

 FIG. 64B illustrates an exemplary inverted gated transfer system 6406, which is an
wcemplafy implementation of the energy transfer system 6302. 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 iEM 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
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the down-converted signal 1 308B, 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 mverted gated tran sfer module 6408 as

mcludmg aswitch module 7404 and astorage module 7406. Preferably, the switch module 7404

" and the storage module 7406 transfer energy. from the EM signal 1304 to down-convert itin any

of the manners shown in the operational flowcharts 4601 in FIG. 46A, 4607 in F1G. 46B, 4613
i FIG. 46C and 4619 in FIG. 46D. ,
“The switchmodule 7404 can be implemented as described above with reference to FIGS.

66A-D. The storage module 7406 can be 1mplemented as descnbed above with reference to

" FIGS. 68A-F.

In‘the illustrat ed embodiment, the storage module 7206 mcludes one ormore capacrtors

7408: The capacitor(s) 7408 are selected to pass higher frequency. components ofthe EM 51gna1
" -1304 through to a terminal 7410, regardless of the state of the switch module 7404 The

capacitor 7408 stores non-negligible amounts of energy from the EM signal 1304. 'I'hereaﬂer
the signal at the terminal 741 0is off-set by an amount related to the energy stored in the capacltor
7408. | | - |
Operation of the inverted gated transfer system 7401 is illustrated in FlGS 7.5A-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 13083 FIG. 75E illustrates the
down-converted signal 1308B on a compressed time scale. Smce the storage module 7406 is a

series element, the higher frequencies (e.g., RF) of the EM s:gnal 1304 can be seen on the down-

The inverted gated transfer system 7401 can be used to down-convert‘eny type of EM

signal, including modulated carrier signals and _\mrnodul_at_ed carrier signals.
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43 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 é]iasing' 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 1 1004 and storage module 11008. AsshowninFIG. 110A,

- UFT module 11004 is implemented as a n-channcl FET 11006, and storage module 11008 is

implemented as a capacitor 11010, although the mventlon is not limited to this embodlment. .
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 repeatatan

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-

converted signal 1 1012.In one embodiment, aliasing Signal 11014 controlsthe gate of FET 1 1006 .
so that FET 11006 conducts (or turns on) when the FET gate-to-source voltage (Ves). exceeds .
a threshold voltage (Vy) . When the FET 11006 conducts, a channel is created from source to
drain of FET 11006 so that charge is transferred from the EM signal 11002 to the capacitor R
11010. More specifically, the FET 1 1006 conductance (1/R) vs Vg is a continuous function that.
reaches an acceptable level at Vo, as illustrated in FIG. 110B. The charge stored by capacltor
11010 during successive samples forms down-converted signal 11012,
As stated above, n-channel FET 11006 conducts whenV(,,, exceeds the threshold voltage |
V5. 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 acommunications 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 Vs 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
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:relauvely high amplitude as shown. FIG. 111B illustrates the aliasing signal 11106asan example

of aliasing signal 11014 that controls the gate of FET 11006. FIG. 111C illustrates Vg5 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 showninFIG. 1 11C,above

which FET 11006 conducts. It i is preferred that VGS > V, during each pulse of aliasing signal

'11106, so that FET 11006 conducts and charge is transferred from the EM 51gnal 11102 to the

capacttor 11010 during each pulse of aliasing signal 11106. As shown in FIG. 111C, the high
amplitude section 11104 of EM signal 11102 causes a Vs pulse 11110 that does exceed the Vy

.11112, and therefore FET 11006 will not fully conduct as is desired. Therefore, the resulting

sample of EM signal 11102 may be degraded which potenttally negatwely affects the down-

~ converted signal 11012

- Asstated earlter, the conductance of FET 11006 vs VGs is mathemattcally continuous and

. isnota hard cutoff. In other words, FET 1 1006 wﬂl margmally conduct when controlled by pulse
11110, even though pulse 11 1 10 is below VT 1 11 12. However, the insertion loss of FET 11006
- willbe lnereased when compared w1th aVes pulse 1 l 1 11 which is greater than V; 11112. The

performance reduction caused by a large amphtude mput 51gnal is often referred to as chppmg or

_ " compression. Clipping causes, dtstomon in the down—converted stgnal 11012 whtch adversely '

affects the faithful down-conversion of lnput EM signal 1 1102. Dynarmc range isa ﬁgure of merit
assoclated with the range of input signals that can be fatthfully down-converted without
introducing distortion in the down—convened signal. The higher the dynarmc range of a down-
conversion circuit, the larger the mput signals that can down-converted without introducing

distortion in the down-converted signal.

4.3.2 Complementary UFT Structure for Improved Dynamic Range

'FIG.112 1llustrates ahasmg 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 1 1200 has

“an improved dynamic range when compared ‘with aliasing module 11000. The dynamrc range

, 1mprovement occurs because aliasing module 11200 includes two UFT modules that are

lmplemented with complementary FET devices. In other words, one FET is n-channel. and the
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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 modules 11206, 11216; nodes 11210, 11212; and invert¢r _
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 FETs to extend. the |
dynamic rangé and reduce any distortion effects. This requires that two complementary aliasing
signals 11224, 11226 be 'gencraited from aliasing signal 11220 to control the sampling by FETs
11218, 11204, respectively. To do so, inverter 11222 receives and inverts aliasing signal 11220
to generate 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. alﬁproximate]y
equivalent to that associated with inverter 11222. As such, aliasing signals 11224 and 11226 are
approxxmately complementary in amplitude.

' Node 11210 receives EM signal 11208, and couples EM signals 11227, 11228 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 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 ihput EM signal 11208, the other device will conduct and
samplethei mput signal, as long as the input signal is between the power supply voltages V, 11232
and V_1 1234. This is often referred to as rail-to-rail operatlon as will be understood by those
skilled in the arts. ' '

~ Forexample, FIG. 113A illustrafes EM signal 11302 which is an example of EM signals
11227,1 1228 that are coupled to the sources of n-channel FET 11204 and p-channel FET 11218,
respecﬁi'ely. 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 sighal 11226 that controls the gate of n-channel FET 11204, Likewise for the p-channel
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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 compleinent of
aliasing signal 11306. o

~ FIG. 113C illustrates V¢ 11308, whlch is the difference between the gate and source
voltages on n—channel FET 11204 that arc depicted in FIGs. 113B and 113A, respectively. FIG.
113C also illustrates the inherent threshold voltage V¢ 11309 for FET 1 1204, above which FET
11204 conducts. Likewise for the p-channel FET, FIG. 1 13E 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, respectively. FIG. 113E also illustrates the inherent threshold voltage Vr

11317 for FET 11218, below which FET 11218 conducts.

" As stated, n-channel FET 11204 conducts when Vg 11308 exceeds V-l 11309 and P

" channel FET 11218 conducts when Vs 11316 drops below V; 11317. As illustrated by FIG.
1113C;n—channel FET 11204 conducts over the range of EM signal 11302 depicted in FIG.113A,
except for-the EM signal pulse 11305 that results in a.corresponding Vs pulse 11310 (FIG.

113C) that does not exceed Vi 11309, However, p-channel FET 11218 does conduct because the
same EM signal pulse 11305.causes.a Vgs 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 resultsinVgs pulse 11322 (FIG. 113E) that is inadequate forthe
p-channel FET 11218 to fully conduct. However, n-channel FET 11204 does fully conduct
because the same EM signal pulse 11303 results ina V55 11311 (FIG. 1 13C) that greatly exceeds
vV, 113009. _
Asillustrated above, ahasmg module 11200 offersan 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. 1 1234 will cause either FET 11204 or FET
1121 8 to conduct, or cause both FETs to conduct, as is demonstraled by FIGs. 113A-113E. This
occurs because any input signal that produces a Vs that cuts-off the n-channel FET 11204 will
push the p-channel FET 11218 into_conduction.. Likewise, any input signal that quts-off the p-
channel FET 11218 will push the n-channel FET 1 1204 into conduction, and therefore prevent
any distortion of the down-converted output signal.
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'4.3.3 Biased Configurations

FIG. 114 illustrates aliasing module 11400, which is an alternate embodiment of aliasing
module 11200. Aliasing module 11400 includes positive voltage supply (V,) 11402, resisrors
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 ievel of the i_nput EM .
signal 11208. As such, any input signal that is within the power supply voltages V, 1 1402 and
ground will cause either FET 11204 or FET 11218 to conduct, or canse both FETs ro conducr,
as will be understood by those skilled in the arts based on the discussion herein. |

- FIG. 115 illustrates aliasing module 11 500, which is an alternate bxased conﬁguratlon of :
ahasmg module 11200, Aliasing module 11500 includes positive voltage supply 11502 ,negative -
voltage supply 11508, resistors 11504, 11506, and the elements in ahasmg 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 .
eithera positive or negative supply voltage. F urthermore, any mput signal thatis within the power
supply voltages V., 11502 and V_ 11508 will ceuse eit.herl FET 11204 or FET 1 1213 to conduer, .
or cause both FETSs to conduct, as will be understood by those skilled in the arts based on the

discussion herein.

4.3.4 Simulation Exaniples

As stated, 'an aliasing module with a complementary FET structure offers improved
dynamic range when eompared with a eingle (or unipolar) FET configuration. This is further
illustrated by comparing the signal waveforms associated ahasmg module 11602 (of FIG. 1 16)
which has a complementary FET structure with that of ahasmg 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
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shown. Aliasing module 11702 (FIG. 117) down-converts EM signal 11704 using aliasing signal
11708 to generate down-converted signal 11706. Aliasing module 1 1702 isasingle FET structure
comprising n-channel FET 11712 and alrasrng signal generator 11714,andis bxased using voltage
supply circuit 11710. ' '

'FIGs. 118- 120 are signal waveforms that correspond to aliasing module 11602, and
FIGs. 121- 123 are srgnal waveforms that correspond to aliasing module 11702. FIGs. 118,121
are down-converted s1gnals 11610 11706, respectively. FIGs. 119, 122 are the sampled EM
signal 1 1608 11704, respectlvely FIGs 120, 123 are the allasmg signals 11612, 11708,
respectlvely Alrasmg s1gnal 11612 is identical to aliasing signal 11708 in order that a proper
comparison between modules 11602 and 11702 can be made _
_ EM 51gnals 11 608 1 1704 are relatlvely large input si ignals that approach the power supply
voltages of +1.65 volts, asis shown in FIGs. 1 19, 122 respectrvely InFIG. 119, sections 11902

~and1 1904 of srgnal 11608 depict energy h'ansfer from EM srgnal 11608to down-converted signal

'l 161 0 during by. ahasmg module 1 1602 More Specrﬁcally, section 11 902 deprcts energy transfer

near the -1 65v supply, and sectron 11904 deplcts energy transfer near the +1 65v supply The
;,symmetncal quahty of the energy transfer near the voltage supply rails 1nd1cates that at lcast one.
of complementary FETs 1 1604 1 1606 are appropnately sampling the EM signal during each of

the ahasrng pulses 1 1612 T]ns results ina down-converted srgnal 1 161 0 that has minimal high
frequency norse_, and is centered between -1. ov and 1.0v (i.e. has neghgxble DC voltage

component).
~ Similarly in FIG 122 sections 12202 and 12204 rllustrate the energy transfer from EM

_srgnal 11704 to down-eonverted srgnal 11706 by aliasing module 11702 (single FET

configuration). More specrﬁcally, section 12202 deplcts energy transfer near the -1. 65v supply,

and section 12204 depicts energy transfer near -the +1.65v supply By companng sections 12202
. 12204 ‘with sectrons 11902, 11904 of FIG. 119 it is clear that the energy transfer in sectrons
112202, 12204 isnot as symmetncal near the power supply rails as that of sectrons 11902, 11904.

Thisis ev1dence that the EM signal 11704 is partrally pmchmg off single FET 11 71 2 over part of
the signal 1 1704 trace. Thls results in a down—converted srgnal 11706 that has more high
frequency noise when compared to down-converted signal 1 1610 and has a substantial negatrve
DC voltage component '

In summary, down-converted 31gnal 11706 reflects distortion rntroduced by a relatively
large EM signal that is pinching-off the single FET 11712 in aliasing module 11702. Down-
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converted signal 11610 that is produced by aliasing module 11602 is relatively distortion free.
This occurs because the complementary FET configuration in aliasing modufc 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 imp]ementéd in CMOS.
This embodiment is provided for illustrative purposes, and is not limiting Inan embodiment,
sphtter circuit 12400 is used to splita local oscillator (LO) signal into two oscﬂlatmg signals that .
are approx:mate]y 90° out of phase. The first oscillating stgna] is called the I-channel oscﬂlatmg
signal. The second oscillating signal is called the Q-channel oscillating signal. The Q-channel
oSciliating signa] lags the phase of the I-channel oscillating signal by approximately 90°. Splifter
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—channel mverter 12410,
an I-channel flip-flop 12412, and a Q-channel flip-flop 12414.

FIGS. 124F-J 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 components. LO signal 12416 is shown in FIG. 124F. First, second, and third I-
channel inverters 12402, 12404, and 12406 ihvert 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—invcﬁed LO signal 12420, as shown in
FIG. 124H. The delay through first, second, and third I-channel inverters ]2402, 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 12420 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).
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I-channel flip-flop 12412 inputs inverted LO signal 12418.. Q-channel flip-flop 12414
inputs non-inverted LO signal 1 2420. 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 rising
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 1241 2 and Q-channel flip-flop 12414 are approximately 180° out
of phase, their resulting outputs are signals that are approximately 90° out of phase. I-channel

flip-flop 12412 6utputs I-channel oscillating signal 12422, as shown in F1G. 1241. Q-channel flip-

- flop 12414 outputs Q-channel oscillating signal 12424, as shown in FIG. 124]. Q-channel
. .oscillating signal 12424 lags the phase of I-channel oscillating signal 12422 by 90°, also as shown
" ina comparison of FIGS. 1241 and 124J. '

FIG. 124B illustrates a more detailed circuit embodiment of the sphtter CII'CUIt 12400 of
FIG. 124. The circuit blocks of FIG. 124B that are'similar to those of FIG. 124A are indicated

- b'y'corresponding reference numbers. FIGS. 124C-D'show example output waveforms relating
- to the splitter circuit 12400 of FIG. 124B. FIG. 124C shows J-channel oscrllatmg signal 12422.
FIG.124D shows Q—channel oscxllatmg srgnal 12424. Asisindicated by a comparison of FIGS..

.124C and 124D, the waveform of Q-channel osclllatmg signal 12424 of FIG. 124D lags the

waveform of I-channel osclllatmg signal 12422 of FIG. 124C by approxrmately 90°.
It should be understood that the illustration of the sphtter circuit 12400 in FIGS. 124A
and 124B is for example purposes only. Splitter circuit 12400 may be comprlsed ofan assortment

of log1c and semiconductor devices of a variety of types, as will be apparent to persons skilled in

-the relevant art(s) based on the discussion contained herem

' 4.4.2 1/Q Circuit

FIG. 124E illustrates an example embodiment of a complete I/Q circuit 12426 in CMOS.
1/Qcircuit 12426 includes a splitter circuit 12400 as described in detail above. Further deséription
regarding I/Q circuit implementations are provided herein, including the applications referenced

above. -
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4.5 - Example I and Q Implementations
4.5.1 Switches of Different Sizes

In an embodiment, the switch modules drscussed herein can be 1mplemented asaseriesof
swrtches operating in parallel asa smgle switch. The series of switches can be tran51stors such
as, for example, field effect transistors (FET), bi-polar transistors, or any other sultable circuit
sw1tch1ng devices. The series of switches can be comprlsed of one type of switching dev1ce, or
a combination of different sw1tch1ng devices.

_ Forexample FIG. 125 illustrates a switch module 12500. InFIG. 125, the sw1tch module
is illustrated as a series of FETs 12502a—n The FETs 12502a-n can be any type of F ET,
mcludmg, but not limited to, a MOSFET, a JFET, a GaAsFET etc. Each of FBTs 12502a—n :
includes a gate 12504a-n, asource 12506a-n, and a drain 12508a-n srmrlarly 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 51gna1 1604, 8210 to control the swrtchmg action between
correspondmg sources 12506a-n and drains 12508a-n. Generally, the correspondlng sources
12506a-n and drains 12508a-n of each of FETs 12502a-n are mterchangeable There is no
numencal hmrt to the number of FETs. Any limitation would depend on the partrcular
apphcatmn and the "a-n" de51gnatlon is not meant to suggest a limit in any way.

 Inan embodlment FETs 12502a-n have similar characteristics. In another embodrment
one or more of FETs 12502a-n have drfferent 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 source 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 combining smaller switches with
larger switches, the channel conductance of’ the overall switch structure can be tailored to satisfy

given requirements.
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In an embodiment, FE’l‘s 12502a-n are CMOS switches of different relative sizes. For
example, FET 12502a may be a switch with a smaller size relative 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 12502¢c-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
relatlve to each other, the turn on charactenstlc curve of the sw1tch module can be
correspondmgly varied. For instance, the turn on charactenstlc of the sw1tch module can be
tailored such that it more closely approaches that of : an ideal sw1tch Altemately, the switch
module could be tailored to produce a shaped conductlve curve. _ |

By configuring FETs 12502a-n such that one or more of them are of a relatively smaller
sxze, their faster turn on charactenstlc can improve the overall switch module turn on

charactenstlc curve. Because smaller switches have a lower gate to channel capacitance, they can

" turn on more rap1dly than larger switches.

By conﬁgunng F ETs 12502a-n such that one or more of them are of a relatively larger

‘size, their lower channel resrstance also can 1mprove the overall switch module ‘turn .on

charactenstlcs Because larger swrtches have a Jower channel re51stance, they can provxde the

*overall : switch structure wrth a lower channel resrstance even when combmed wnth srnaller

- swrtches This improves the overall swrtch structure s abthty to dnve a wider range of loads.

Accordmgly, the abllnty to tailor switch sizes relatlve to each other in the overall switch structure
allows for overall swrtch structure operatton to more nearly approach ideal, or to achieve
apphcatlon specific requirements, or to balance trade-offs to achieve spec1ﬁc goals. as will be
understood by persons skilled in the relevant arts(s) from the teachmgs herein.

B i should be understood that the 1llustratxon of the switch module as a series of FETs
12502a-n in FIG. 125 is for example purposes only. Any devrce havmg sw1tchmg capabilities
could be used to 1mplement the sthch module (e.g., switch modules 2802 2702,2404 and 2406),
as w1]l be apparent to persons skilled in the relevant art(s) based on the dxscussxon contamed

herein.

4.5.2 Reducing Overall Switch Area

Circuit performance also can be improved by reducing overali switch area. As discussed

above, smaller switches (i.e., smaller area under the gate between the source and drain regions)
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have a lower gate to channel capacitance relative to larger switches. The lower gate to channel
capacitance allows for lower circuit sensitivity to noise spikes. FIG. 126A' illustrates an
embodiment of a switch module, with a large overall switch area. The switch 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 signal for FETs 12602-12640. Capacitor C1 is the
storage element for the input signal being sampled by FETs 12602-12640: FIGS. 126B-126Q
illustrate example waveforms related to the switch module of FIG. 126A. FIG. 126B shows a
received 1.01 GHz EM signal to be sampled and downconverted to a 10 MHZ intermediate
frequency signal. FIG. 126C shows an energy transfer signal having an aliasing rate of 200 MHZ,
which is applied to the gate of each of the twenty FETs 12602-12640. The energy transfer signal
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 the aliasing rate. FIG. 126D illustrates the
affected received EM signal, showing effects of transferring energy at the aliasing rate, at point
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. 126l illustrates the frequency spectrum of the down-converted 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 frequency range centered on 1.00 GHz. As shown in FIG. 126L, a noise spike exists
at approximatély 1.0 GHz on the affected received EM si gnal 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 respectively illustrate the frequency speétrums 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-corivgrted signal at point 12644 of FIG. 126A, focusing on
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a narrow frequency range centered near 10,0 MHZ. In particular, FIG. 126Q shows that an.
approximately 5 mV signal was downconverted at approximately 10 MHZ. - |

. FIG 127A illustrates an alternative embodiment of the switch module, this time with
fourteen FETs 12702-12728 shown, rather than tWenty FETs 12602-12640 as shown in FIG.
126A. Additionally, the FETs are of various sizes (some "Wd" and "Ing" parameters are different.
between FETs).

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 levels of ei_rc_uit radiation. Additionally, as FIG. 127Q shows, the lower level .

noise spike at 1.0 GHz was achieved with no loss in conversion efficiency. ‘This is represented

 inFIG. 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, whrch decreases overall switch area, and by reducing
switch area on a switch-by-switch basis, circuit parasitic capacitance can be reduced, as would

.. beunderstood by persons skilled in the relevant art(s) from the teaehings_ berein. Inparticularthis

may reduce overall gate.to channel capacitance, leading to lower amplitude noise spikes and
reduced unwanted circuit radiation. _ _ o .. ;

- It should be understood that the rllustratron of the swrtches above as FETs in FIGSs.
126A-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 relevan_t art(s) based on the discussion contained herein.

4.5.3 Charge Injection Cancellation. .

In embodlments wherern the sw1tch modules drscussed herem are compnsed of a series

of switches in parallel, in some instances 1t may be desrrable to minimize the effects of charge

mjectron Minimizing charge injection is generally desrrable in order to reduce the unwanted
circuit radiation resulting therefrom. Inan embodrment unwanted charge mjectlon effects can
be reduced through the use of complementary n-channel MOSFETs and p-channel MOSFETs.
N-channel MOSFETs and p—channel MOSFETs both suffer from charge injection. However,

because signals of opposite polarity are applied to their respectw_e gates to turn the switches on
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and off; the resulting charge ihjection is of opposite polarity. Resuiltingly, n-channel MOSFETs
and p-channel MOSFETs may be paired to cancel their 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 alternative embodiment of the switch module, this time with
fourteen 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 FET's 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 lowef 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,.
by arranging the switches in a complementary configuration, which assists in reducing charge
injection, and by tailoring switch area on a switch-by-switch basis, the effects of charge injection
can be reduced, as would be understood by persons skilled in the relevant art(s) from the
teachings herein. In particular this leads to lower amplitude noise spik'eé 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 teachings 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.

' 4.5.4 Overlapped Capacitance

The processes involved in fabricating semiconductor circuits, such as MOSFETSs, have
limitations. In some instances, these process limitations may lead to circuits that do not function

as ideally as desired. For instance, a non-ideally fabricated MOSFET may suffer from parasitic
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capacitances, which in 'some cases may cause the surroundlng circuit, to radiate noise.. By
fabricating circuits with structure layouts as close to ideal as poss1ble, problems of non-ideal
circuit operation can be minimized.

- FIG. 128A illustrates a cross-section of an example n-channe] enhancement-mode
MOSFET 12800, with ideally shaped n+ regions MOSFET 12800 includes a gate 12802, a
channel region 12804, a source contact 12806, a source region 12808 a drain contact 12810, a
drain regron 12812, and an insulator 12814. Source region 12808 and drain region 12812 are
separated by p-type material of channel region 12804. Source region 12808 and drain region

12812 are shown to be n+ material. The n+ materral is typically implanted in the p-type material

.. of channel region 12804 by an ion 1mplantatlon/d1fﬁ151on process. Ion 1mplantatxon/d1ffusron
) “ processes are well known by persons skilled in the relevant art(s). Insulator 12814 msulates gate

- 12802 which bridges over the p-type material. Insulator 12814 generally comprisesa metal-ox1de
_. msulator The channe] current between source region 12808 and drain region 12812 for
" MOSFET 12800 is controlled by a voltage at gate 12802

o OperatxonofMOSFET 12800 shall nowbe descnbed Whenapos1t1vevoltage is apphed
to gate 12802, electrons in the p-type matenal of channel reglon 12804 are attracted to the

-surface below msulator 12814 formmg a connectmg near-surface reglon of n-type material
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

regron between.

In FIG. 128A, source region 12808 and drain region 128 12 are illustrated as having n+

regtons 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

_' w1th non-ideally shaped n+ regions. Source region 12820 and drain region 12822 are illustrated

as being formed into irregularly shaped regions by the ion 1mp1antatlon process. Due to

uncertainties in the ion implantation/diffusion process, in practlcal 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.
Due to these process uncertainties, the n+ regions of source region -1 2820 and drainregion 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 drainregion 12822
undermeath gate 12802 is shown as source overlap 12824 and drain overlap 12826. Source



10

15

20

25

30

WO 00/24117 ke : PCT/US99/24299
-171-

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 region 12822 and gate 12802: These
unwanted parasitic capacitances may interfere with circuit function. For instance, the resulting
parasitic capacitances may produce ndise s_pikes that .are radiated by the circuit, causing unwanted
electromagnetic interference. |

As shown in FIG. 128C, an example MOSFET 12816 may include a gate pad 12828.
Gate 12802 may include a gate extension 12830, 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 géte. 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 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. By
reducing the respective areas of gate extension 12830 and gate pad extension 12832, the parasitic
capacitances resulting therefrom can be reduced. Accordingly, embodiments addressthe issues .
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 on the

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
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relevant art(s) based on the teachings contained herein. Suchalternate implementations fall within

the scope and spirit of the present invention.

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 rn_ethods or systems described below.

. 5.1  Doubling the Aliasing Rate (F,:, ») of the Energy Trun.s_'fer Signal

Inan :embodirnent, the optional energy transfer signal module 6902 in FiG_. 69 includes

a pulsé generator module that generates aliasing pulses at twice the frequency of the oscillating

' source “The input s1gna1 6828 may be any suitable osclllatmg source.

FIG.T1 illustrates a cnrcmt 7102 that generates a doubler output sngnal 7104 (FIG. 72B)

rising and falllng edges of the i mput osclllatmg srgnal 7106 of FIG. 72A. The circuit 7102 canbe

~ implementedasa pulse generator and ahasmg rate (F AR) doubler The doubler output si gnal 7104

" 'can be used as the energy transfer srgnal 6306.

“Inthe example of FIG 71 the aliasing rate is tw1ce the frequency of the mput oscillating

srgnal F 7106 as shown by EQ 9) below. ' '
| Far=2F, EQ.(9)

The aperture width of the aliasing pulses is determined by the delay through afirstinverier
7108 of FIG. 71. As the delay is increased, the aperture is increased. A second inverter 7112 is
shown to maintain polarity consistency with 'exa'mples. described clsewhere. 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 irnplemented with integrated circuitry, discretely, with equivalent logic circuitry, or with any

valid fabrication technology.
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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 radios, electﬁcal 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 isused. 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 1308B.

Differential 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 -
example: _ _

a) A single-input front end and a differential back end; and

b) A differential front end and a single-output back end. _ _
Ekamples of thesé system are provided below, with a first example illustrating a specific method -
by which. energy is transferred from the input to ihe 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 eté.) of the embodiment described herei_n 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.

35.2.1 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
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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 bé coupled to an EM signal source, wherein the input voltages at the
inputs 7604 and 7606 are subsiantially equal in amplitude but 180 degrees out of phase with one
anothier. Alternatively, where dual inputs are unavailable, one of the inputs 7604 and 7606 can
be coupled to ground. _

_ - Inoperation, when the switch module 7 6161s closed; the storage modules 7614 and 7620
are in series and, provided théy_h‘ave 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 relative to the input 7604, and the voltage at the output 7610 is relative to the
voltage at the input 7606. o ' '

.-+ - Portions of the signals at the outputs 7608 and 7610 include signals resulting from energy
stored in the storage modules 7614 and 7620, respectively, when the switch module 7616 was
- closed. The portions of the 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. Asaresult, theripple
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
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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 suchas a moﬂqpole antenna 7628 and the input 7606 is coupled to ground. In
this conﬁguration, the voltages at the outputs 7608 and 7610 are approximately one halfthe value
of the voltages at the outputs in the implementation illustrated in FIG. 76B, given all other
parameters are equal. . . _ .

FIG. 76Eillustrates an example single input to differential outputreceiver/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 optionai input impedance matéh 7642. The EM signal source impedance can be
matched with an impedance match system 7642 as described in section 5 below. _

The outputs 7608 and 7610 are coupled to a differential circuit 7644 suchasa filter, which
preferably inverts one éf 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 dlfferentxal mput to smgle output system 7629 whereln the inputs
7604 and 7606 of the differential system 7602 are coupled to equal and opposue EM sngnal dipole
antennas 7630 and 7632. In system 7629, the common mode noise voltages are not canceled 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
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coupled between the outputs of the plurality of gated transfer modules.. For example, FIG. 99
illustrates a differential system 9902 that includes first and second gated transfer modules 9904
and 9906, and a storage module 9908 coupled between. Operation of the differential system 9902
will be apparent to one skilled in the relevant art(s), based-on the description herein.

Aswith the first impleméntation described above in section 5.5.1 and its sub-sections, the

gated transfer differential system 9902 canbe implémente'd'With :a single input, differential inputs,

“asingle output, differential outpu'ts, 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 the output is not necessary, a
differential input-to-single output implementation can be utilized. FIG. 102 illustrates an example
differenﬁal-to-éinéle ended system 10202, where a balance/unbalarice (balun) circuit 10204 is

utilized to generate the differential inpiit. Other input cénﬁgurations are contemplated. A first

. bﬁtput 10206 is coupled to a load 10208. A second output 10210 is coupled to ground point
10212, e o Co

- “Typically, in 2 balanced-to-unbalanced system, where a single output is taken from a

.. differential system without the use of a balun, (i.¢., 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 -simpiy 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 switch 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 betweena differential

input and a sihglé ended output system.

5.2.3 Specific Examples of Optimiiations and Conﬁgufations Jor Inverted
and Non-Inverted Differential Designs

. Gated transfer systems and inverted gated transfer systems can be implemented with any

of the various optimizations and configurations disclosed through the specification, such as, for
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example, impedance matching, tanks and resonant structures, bypass networks? etc. Forexample,
the differential system 10002 in FIG. 100 , which utilizes gated trarrsfer modules with an input
impedance matching system 10004 and a tank circuit 10006, which share a 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 smo_dthed by filtering as desired. = The
differential circuit 7644 implemented as a filter in FIG 76E illustrates but one example. Thismay
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 irhpedances' generaily defined by (1) the
duty cycle of the switch module, and (2) the impedance of the storage rhodule, atthe frequénéies-
of interest (e.g. at the EM input, and intermediate/baseband frequencres)

Startlng w1th an aperture width of approximately % the penod of the EM s1gnal belng
down-converted as a preferred embodiment, this aperture width (e.g. the “closed trme”) can be
decreased As the aperture width is decreased, the characteristic 1mpeda.nce at the input and the
output of the energy transfer module increases. Alternatrvely, as the aperture width increases
from Y% the period of the EM signal bemg down-converted the rmpedance of the energy transfer
modu]e decreases.

One of the steps in determmmg the characteristic i input nnpedance of the energy l:ransfer
module could be to measure its value. In an embodiment, the energy transfer module’s
characteristic input impedance is 300 ohms. A impedance matchirrg circuit can be utilized to
efficiently eouple an i.nput' EM sigrlal that has a source impedance of, for example, 50 ohms, with
the energy transfer module’s impedance of, for exampie, 300 ohms. Matching these impedances
canbe accomplished in various manners, including providing the necessary impedance directly or

the use of an impedance match circuit as described below.
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Referring to FIG. 70; a specific embodiment using an RF signal asan 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 froin 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

' skille& in the relevant arts.

The output characteristic impedance can be impedance matched to take into consideration
the desired output frequenmes One of the steps in deterrni'ning the characteristic output
nnpedance of the energy transfer module could be to measure its value.’ Balancmg the very low
nnpedance of the storage module at the input EM frequency, the storage module should have an
impedance at the desired output frequencles that is preferably greater than or equal to the load

that is intended to be driven (for example, in an embodiment, storage module impedance at a

‘desired 1MHz output frequency is 2K ohm and the desired load to be driven is 50 ohms). An

additional benefit of impedanee 'matehing is that ﬁltering of unwanted signals can also be

-.accomphshed with the same components

In an embodiment, the energy transfer module s charactenstxc output impedance is 2K

ohms. An lmpedance matching circuit can be utilized to efﬁc:ently couple the down-converted

'31gnal ‘with an output 1mpedance of, for example, 2K ohms, to a load of, for example, 50 ohms.

Matching these impedances can be accompllshed in various manners, including providing the

:necessary load unpedance dxrectly or the use of an 1mpedance match circuit as described below

When matchlng from a high impedance to a low 1mpeda.nce a capacitor 73 14 and an
inductor 7316 can be configured as shown in FIG. 73. The capacitor 7314 and the mductor 7316
constitute an L match, the calculation of the component values being well known to those skilled
in the relevant arts., | | - N -

The conﬁguration of the input impedance match module 7006 and the output impedance
match module 7008 are considexed to be initial starting points for impedance matching, in
accordance with the present invcntinn. 1n some situations, the initial designs may be suitable
without further .optimization. In other situatiens, the initial designs can be optirhiz_ed in

accordance with other various design criteria and considerations.
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.As other optional optimizing structures and/or components are utilized, their affect onthe
characteristic impedance of the energy transfer module should be taken into account in the match

along with their own original criteria.

5.5 Tanks and Resonant Structures

Resonant tank and other resonant structures can be used to further optimize the energy
transfer characteristics of the invention. For example, resonant structures, resonant about the
input frequency, can be used to store energy from the input signal when the switch is open, a
period during Which one may conclude that the architecture would otherwise be limited in its
maximum possible efficiency. Resonant tank and other resonant structures can include, but are
not limited to, surface acoustic wave (SAW) filters, dielectric resonators, diplexers, capacitors,
inductors, etc. _

. Anexample embodiment isshown in FIG. 94A. Two additional embodiments are shown
in FIG. 88 and FIG. 97. Alternate implementations wiil 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. These implementations take advantaQe’ of properties of
series and parallei (tank) resonant circuits. _ §

FIG. 94A illustrates parallel tank circuits in a differential implementation. A firstparallel
resonant or tank circuit consists of a capacitor 9438 and an inductor 9420 (tank1). A second tank
circuit consists of a capacitor 9434 and an inductor 9436 (tank?2).

As is apparent to one skilled in the relevant art(s), parallel tank circuits 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. Atand 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 impedance to the input frequency of 950Mhz, while simultaneously appearing as relatively
low impedance to frequencies 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
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allowed to pass through tank1 or tank2. However, the lower signal components (50Mhz in this
embodiment) generated by the .system are allowed to. pass through tank1 ano tank2 with little
attenuation. The effect oftank1 and tank2 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 approxlmately 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 capacxtor 9412 is preferably kept relatively small so that the majority of the energy

| avaxlable will be transferred to storage capacxtor 9412 during operanon Exémplary output signals

A and B are illustrated in FIGs. 94B and 94C, respectively.

" InFIG. 94A, circuit components 9404 and 9406 form an mput 1mpedance match. Circuit -
components 9432 and 9430 form an output nnpedance match into a 50 ohm resistor 9428. Circuit
components 9422 and 9424 form asecond output nnpedance match into a 50 ohm resistor 9426. . :
Capacxtors 9408 and 9412 act as storage capacitors for the embodiment. Voltage source 9446
and resistor 9402 generate a 950Mhz signal with a 50ohm output 1mpedance, which are used as
the input to the clrcult Clrcult element 9416 includes a 150Mhz oscillator and a pulse generator,
whlch are used to generate the energy transfer signal 9442. '

* FIG. 88illustrates a shunt tank circuit 8810 in a single-ended to-single-ended system 8812.
Similarly, FIG. 97 illustrates a shunt tank circuit 971 0inasystem 9712. The tank circuits 8810 '
and 9710 lower dnvnng source impedance, which i improves transient responise. The tank circuits
8810 and 9710 are able store the energy from the input signal and prov1de 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 frequency are also able to effectively pass through the aperture).
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).
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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 appareht.

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, including a switch S and a capacitor 10906 having a capacitance
C. The switch S is controlled by a control signal 10908, which includes pulses 10910 having
apertures T. . :

InFIG. 109B, Equation 10 illustrates that the charge q on a capacitor having a capacitance
C, such as the capacitor 10906, is proportional to the voltage V across the capacitor, where:

g = Charge in Coulombs

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 asin Equation 13 as Aq(t), which
can be rewritten as Equation 14. Usinglthe sum-to-product trigonometric identity of Equation
1_5, Equaﬁon 14 can be rewritten as Eqﬁation 16, which can be rewritten as equation 17.

Note that the sin term in Equation 11 is a function of the apei‘ture T only. Thus, Aq(t) is
at a maximum when T is equal to an odd multiple of = (i.e., %, 3®, 57, ... ). Therefore, the
capacitor 10906 experiences the greatest change in charge when the aperture T has a value of
oratime interval repfesentativé of 180 degrees of the input sinusoid. Conversely, when T is equal
to 2w, 4, 6T, . . ., minimal charge is transferred. - _

Equations 18, 19, and 20 solve for q(t) by integrating Eqﬁation 10, allowing the charge
on the capacitor 10906 with respeci to time to be 'graphed on the same axis as the input sinuéoid -
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
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zero. This is illustrated in the graph of FIG. 109D, which indicates that the maximum impulse
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 relanonshtps 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 Joss are illustrated in FIG. 109F. -Generally, the noise figure of a
lossy passive device is numerically equal to the device 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 Ti mcreases, more charge '

" istransferred from the i input to the capacitor 10906, which increases power transfer from the input

to the output. It has been obse_rved 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-Negligible Aperture Width/Duration
5; 7.1 Vatyfng lnput and butput Inzpednnces

_ In an embodlment of the mventlon, the energy transfer srgnal 6306 of FIG 63 is used to
vary the mput 1mpedance seen by the EM Slgnal 1304 and to vary the output impedance dnvmg
aload. An example of this embodtment is described below using the gated transfer module 6404
shown in FIG. 686 and in FIG 82A. The method described below is not hmrted to the gated
transfer module 6404 as it can be apphed to all of the embodlments of energy transfer module
6304 |

- In FIG 82A when switch 8206 is closed the unpedance lookmg into circuit 8202 is
substantlally the 1mpedance of storage module illustrated as the storage capacrtance 8208 in
parallel with the impedance of the load 8212. When the switch 8206 is open, the impedance at
pomt 8214 approaches mﬁmty It follows that the average 1mpedance at pomt 8214 can be vaned
from the lmpedance of the storage module 1llustrated asthe storage capacltance 8208 in parallel
with the load 8212 to the hlghest obtamable rmpedance when swrtch 8206 is open, by varying
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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 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. 71, where the circuit 7102 receives the 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.
72B.

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 propagated
by inverter 7108 can be delayed by introducing a R/C low pass network in the output of inverter
7108. Other means of altenng 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 adjusted in real time. For example,

referring to the timing diagrams in FIGS. 98B-F, a clock signal 9814 (FIG. 98B) is utilized to
generate an energy transfer signal9816 (FIG. 98F), which includes energy transfer pulses 9818, -
having variable apertures 9820. Inan emi:odiment, the clock signal 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 clock signal 9814 and the delayed clock
signal 9824 are then ANDed together, generating an energy transfer signal 9816, which is active -
energy transfer pulses 9818 - when the delayed clock signal 9824 and the inverted clock signal
9822 are both active. The amount of delay imparted to the delayed clock 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. Alternatively,
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the original clock signal 9814 is delayed then inverted, and the result ANDed with the original
clock signal 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 control 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 9306 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 circuitis described withreference to the timing

~ diagrams of FIGS. 98B-F. The real time control system 9802 receives the inpuf clock signal

9814, which is provided to both the inverter 9806 and to the RC circuit 9804. The inverter 9806
outputs the inverted clock signal 9822 and presents it to the AND gate 9808. The RC circuit

" 9804 delays the clock signal’ 9814 and outputs the delayed clock signal 9824." The delay is
: determined pnmanly by the capacitance of the voltage variable capacitor 9812. Generally, as the

" capacitance decreases, the delay decreases.

The delayed clock signal 9824 is optionally amplified by the optional amplifier 9828,

* before being presented to the AND gate 9808. Amplification is desired, for example, where the
" RC constant of the RC circuit 9804 attenuates the signal ‘below the threshold of the AND gate

9808.

The AND gate 9808 ANDs the delaycd clock signal 9824, the inverted clock signal 9822,
and the optional Enable signal 9810, to generate the energy 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 réadily 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,
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or address, various design goals such as receiving RT signals with enhanced efficiency that are in

distinctively different bands of operation, e.g. RF signals at 900MHz and 1.8GHz.

. 3.8 °  Adding a Bypass Network

In an embodiment of the invention, a bypass network is added to improve 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 substantially lower impedance to transients 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., greater 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 the shaping caused 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 :
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 -
increases 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 configurations than shown in FIG 95. Such an
alternate is illustrated in FIG.90. Similarly, FIG. 96 illustrates another example bypaés 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 withan initial circuit having a 550ps aperture
in FIG. 103, its output is seen to be 2. SmVpp applied to 2 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 provided 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
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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
themselves bring about the increased efficiency demonstrated by the embodiment in FIG. 105 with
the bypass network. FIG. 108B shows the result of using the circﬁit in FIG. 106 in which only
1.88Vpp was able to be applied to a 50 ohm load.

5.9  Modifying the Energy Transfer Signal Utilizing Feedback

. ~ FIG. 69 shows an embodiment of a system 6901 which uses down—convertgd S'igh_al
1308B as feedback 6906 to control various characteristics of the energy transfer module 6304 to
modify the down-converted signal 1308B.

Generally, the amplitude of the down-converted signal 1308B varies as a funcnon of the
frequency and phase differences between the EM signal 1304 and the energy transfer signal 6306.
In an embodiment, the down-converted signal 1308B is used as the féedback 6906 to'control the

frequency and phase relationship between the EM signal 1304 and the energy transfer signal 6306,

This can be accomplished using the example logic in F1IG 85A.. The example circuit in FIG. 85A
can be included in the energy transfer signal module 6902. Altémate 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 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. Inan 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 conti'olled 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 generator 8510
generates energy transfer signal 6306.
In an embodiment, the state machine 8504 operates in accordance with a state machine

flowchart 8519 in FIG. 85B. The result of this operation is to modify the frequency and phase
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relationship between the energy transfer 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 aFET as shown in FIG 66A, wherein the gate 6604 receives the energy transfer signal 6306,
the amplitude of the enérgy transfer signal 6306 can determine the "on" resistance of the FET,

which affects the amplitude of the down-converted signal 1308B. The energy transfer signal

module 6902, as shown in FIG. 85C, can be an analog circuit that enables an automatic 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 Implementations

The implementations described above are provided for pu_ri:oses 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 the teachings contained herein. Such alternate implementations fall within

the scope and spirit of the present invention.

6. Example Energy Transfer Downconverters

Example implementations are désériﬁed below forillustrative purposes. The invention is
not limited to these examples. _ ‘
FIG. 86 is a schematic diagram of an exemplary circuit to down converta 915 MHz signal
to a5 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 by the switch closure. Waveform
8604 is the unfiltered output at the storage unit. Waveform 8606 1s the impedance matched

output of the downconverter on a different time scale.
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FIG. 88 isaschematic diagr_ém of an exemplary circuit to downconvert a 315 MHz signal
to a 5 MHz signal using a 101.1 MHz clock. The circuit has additional tank cifcuitry 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. 90is a schematic diagram of an exemplary circuit to downconverta 915 MHzsignal
to a S MHz signal using a 101.1 MHz clock. The circuit has switch bypass circuitry to improve

. conversion efficiency.

FIG. 91 shows example simulation 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 connetcted 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

impedance match circuit. -
IV. Additional Embodiments

Additional aspects/embodlments of the mventlon are considered in this section.

In one embodiment of the present mvcntlon there is provxded a method of transm:ttmg
information between a transmitter and areceiver compnsmg the steps of transmxttlng a first series
of s1gnals each having a known period from the transmitter at a known first repetition rate;
sampling by the receiver each signal in the first series of s1gnals asingle timeand for aknowntime
interval the samphng of the ﬁrst series of signals bemg at a second repetmon rate that is a rate
different from the first repetmon rate by a known amount; and generating by the receiver an
output signal indicative of the signal levels sampled in step Band having a period longer than the
known period of a transmitted signal. I -

In another embodiment 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
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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 ﬁfst 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 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 réceiving the .
oscillator output signal for generating a waveform generator output signal havmg 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.

The basic objectives 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 éostly circuitry as found in conventional wide band designs.
The communications system utilizes coherent signals to send and receive information and consists
of atransmitter 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.
Ifthe slew rate is small compared to the timing oscillator frequencies, the transmitted waveform
will appear stable in time, i.e., coherent (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
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receiver and thus the receiver's input can be averaged to achieve the desired level filtering of
unwanted signals. This methodology makes the system extremely selective with_out_complicated_
filters and complex encoding and decoding schemes and allows _t_he direct conversion of radio
frequency energy from an antenna or cable to baseband freq_uenc_ies with a minimum nu1r1ber of

standard components further reducing cost and complexity. The transmitted waveform can be

‘a constant carrier (narrowbaml), a controlled pulse (wideband and ultra-wideband) or a

combination of both such asa dampened sinusoidal wave and or any arbitrary periodic waveform

thus the system can be designed to meet virtually any bandwrdth requirement. Snnple standard

' 'modulatron and demodulation techmques suchas AM and Pulse Wldth Modul atlon can be easily

apphed to the system _
Dependmg onthe system requirements suchas the rate of information transfer, the process
galn, and the intended use, ‘there are multlp_le preferred embod.xments.of the invention. The

embodirrtent discussed herein will be the amplitude and pulse width modulated system. Itisone -

of the simplest 1mplementatlons of the technology and has many common components: with the. .

:subsequent systems. . A ampl1tude modulated transmitter consists of a Transmitter Timing .

0sclllator a Multlpher, a Waveform Generator, and an Optlonal Amplifier. The Transmitter -

Timing Oscillator frequency can be determined by a number of resonate circuits including an -

'mductor and capacitor, a ceramic resonator a SAW resonator, ora crystal The output waveform

is sinusoidal, although a sq_uare_wave oscrll_ator would produce identical system performance.

The Multiplier component multiplies the Transmitter Timing Oscillator output signal by

Oor lor 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 d1gltal data or analog data in the
form of pulse width modulation. The Mul'upher allowsthe Transmltter 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 inptxt 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 eable requirements. The Waveform Generator in this example

creates a one cycle pulse output which produces an ultra-wideband signal in the frequency
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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 13202. ‘Waveform

Generator 13006 provides an output of a single cycle impulse signal 13208. The single cycle

impulse 13210 varies 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
i'esonato'r, a SAW resonator, or a crystal. As in the case of the transmitter, the oscillator 13510
shown here is a crystal oscillator. 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 creates a known range of slew rates relative to the Transmitter
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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 mgnal 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 reduced. Examples are
illustrated in Table A 1. 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 1351 0. The output

13604 of the Waveform Generator is shown as B in FIG. 136.

Transmitted Waveform _ Gain Limit on-time  Preferred on-time

Smgle 1 nanosecond pulse o 1 nanosccond - 100 picoseconds

1 Glgahertz 1 ,2,3..etc. cycle output 500 pxcoseconds .50 picoseconds :

10 Glgahenz 1,2,3. etc. cycle output 50 pxcoseconds " s picoseconds
Table Al

The RF Switch/Integrator 13506 samples the RF signal 13606 shown as “C”inFIG. 136
when the Waveform Generator output 13604 is below a predetermined value. . When the
Waveform Generator output 13604 is above a predetermined value, the RF Switch 13506
becomes a high impedance nodeand allows the Integrator to hold the last RF signal sample 13606
until the next cycle of the Waveform Generator 13508 output. The Integrator section of 13506
is designed to charge the Integrator quickly (fast attack) and discharge the Integrator at a
controlled rate (slow decay). Thisembodiment provides unwanted signal rejection and is a factor
in determining the baseband frequency responsc of the system. The sense of the switch control
is arbitrary depending on the actual hardware implementation.

In an embodiment of the present invention, the gating or sampling rate of the receiver
13500 is 300 Hz higher than the 25 MHZ transmission rate from the transmitter 13000.

Alternatively, the sampling rate could be less than the transmission rate. The difference in

This Sheet Has Been Repiaced

P a4 ¢
SRR




10

15

WO 00724117 PCT/US99/24299
~193-

repetition rates between the tr;hsnﬁtter 13000 and receiver 1 3500, the "slew ra}e," is 300 Hz and
results in a controlled drift of the sampling pulses over the transmitted pulse which thus appears
"stable” in time to the receiver 13500. With reference now to FIGS. 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 13608isa replica of a signal 13606 but mapped into
adifferent 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 Generator circuitry in circuit 13514 provides a DC threshold signal
level 13614 for signal 13610 that is used to determine a high (transmitter 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 higher voltage than signal 13614, the inf(;rmation output-signal goes

- high. Accordingly, signal 13616 represents, for example, a digital "1" that is now time-based to

a 1:4 expansion of the period of an original signal 13606. While this illustration provides a 4:1
reduction in frequency, it is sometimes desired to provide a reduction of more than 50,000:1; 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 examples.

Units
s=1 ps=1-10"” ns=1-10° us=1-10°* MHz=1-10°* KHz = 1-10°

Receiver Timing Oscillator Frequency = 25.0003 MHz
Transmitter Timing Oscillator Frequency = 25 MHz
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period = ——— =
- Transmitter Timing Q§clllator Frequency
~ period =40 ns
L _ 1 - o
slew rate =

Receiver ‘Eming Oscllator Frejuency - Transmiter TimingOscillatorFrequency

‘slewrate =0.003s

o slewrate Co
time base multiplier = ———— seconds per nanosecond
S period : © ;

 time base multiplier = 8.333-10"

Eiample 1:

1' nanoseéo_nd tré.nslates into 33.33 microseconds
time base = (1 ns)- time base multiplier _
time base = 83.333 us .

Example 2:

2 Gigahertz tr_anslatés into 24 Kilohertz 2 Gigahertz = 500 picosecond period
time base = (500 ps)- time base multiplier
time base = 41.667 us

1

frequency = ———-
quency time base

frequency = 24 KHz
Table A2
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In the illustrated preferred 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 gigahertz 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 information 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 sensitivity, bandwidth control or signal conditioning for the Decode Circuitry - -

13514. Choosing an appropriate time base multiplier will result in a signal at the 6utput of the
Integrator 13506 that can 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 pulse 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.

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 in the illustrated embodiment.

V. Conclusions
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Example embodiments of the methods, systems, and components of the present invention
have been described herein. As noted elsewhere, these example embodiments have been described
for illustrative purposes only, ah_d are not limiting. Other embodiments are possible and are
covered by the invention. Such other embodiments include but are not limited to hardware,
software, and software/hardware implementations of the methodé, 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 embodiments, but should be

. defined only in accordance with the following claims and their equivalents.
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1. A method of down-converting an elecu'omagnetlc (EM) signal, compnsmg the steps of:
(1)  receiving an EM signal; and _
. 2) aliasing said EM signal according to an aliasing signal having an aliasing rate to
down-convert said EM signal, comprising the step of transferring energy from said EM signal at

said aliasing rate.

2. The method of claim 1, further comprising the step of:
(3)  generating said aliasing signal, said aliasing signal comprising a plurality of pulses -

having non-negligible aperatures.

3. The method of claim 1, wherein said EM signal is down-converted to a demodulated

baseband information signal.

4. The method of claim 1, wherein said EM signal is down-converted to an intermediate -

frequency (IF) signal.

5. The method of claim 1, wherein said EM signal is a frequency modulated (FM) signal, and
said EM signal is down-converted to a non-FM signal.

6. The method of claim 5, wherein said non-FM signal is a phase modulated (PM) signal.

7. The method of claim 5, wherein said non-FM signal is an amplitude modulated (AM)
signal. "

8. A method for directly down-converting a modulated carrier signal to a demodulated
baseband signal, comprising the steps of:

(1)  receiving the modulated carrier signal; and

(#3) transferring non-negligible amounts of energy from the modulated carrier signal, atarate
that is substantially equal to a sub-harmonic of the modulated carrier signal, whereby the

transferred non-negligible amounts of energy forms the demodulated baseband signal.

O
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9.  The method according to claim 8, wherein step (2) comprises genc_erating. an energy
transfer signal having a harmonic substantially equal to afrequency of the modulated carrier signal
and using the asynchrdnbus energy transfer signal to transfer the energy from the modulated

carrier signal.

- 10.  The method according to claim 9, wherein step (2) further cdmprises generating a train

- of pulses having non-negligible apertures that tend away from zero time in duration.

" 11.  The method according to claim 9, wherein step (2) further comprises-optimizing a phase
- of the energy transfer 51gnal

12.  The method according to claim 9, wherein step (2) further comprises optimizing the

- frequency of the energy transfer signal.

' 13.. The method according to claim 8, wherein step (1) comprises receiving an amplitude

* modulated carrier signal.

*.14. * - The method according to claim 8, wherein step (1) comprises receiving a phase modulated

" carrier signal,

15.  The method according to claim 8, wherein step (1) compﬁses receiving a modulated

carrier signal having a frequency greater than 1 giga Hertz.

16. The.method _according to claim 8, wherein step (1) comprises receiving a modulated

carrier signal having a frequency between 10 mega Hertz and 10 giga Hertz.

17.  The method according to claim 8, wherein step (1) comprises receiving the modulated

carrier signal through a relati\)ely low input impedance path.

18.  The method according to claim 8, wherein step (D cofnprises receiving the modulated

carrier signél through a relativ_ely efficient power transfer path.

U OO A
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19.  The method a¢cordiﬁg to claim 8, wherein step (1) cbfﬁﬁﬁsés receiving'the modulated

carrier signal through a substantially impedance matched input path. .

20.  The method according to claim 8, further comprising the step of:

(3)  providing the demodulated baseband signal directly to a relatively low impedance load.

21.  The method according to claim 8, further comprising the step of:
(3)  providing the demodulated baseband signal directly toaload through arelatively efficient
power transfer path. '

22.  The method according to claim 8, further comprising the step of.
(3)  providing the demodulated baseband signal to a load through a substantially impedance
matched path.

23.  The method according to claim 8, wherein step (2) comprises coupling the modulated = -

carrier signal to a reactive storage device at the rate that is substantially equal to a subharmonic

of the modulated carrier signal.

24.  The method according to claim 8, wherein step (2) comprises generating the energy

transfer signal without synchronizing it with the modulated carrier signal.

25.  The method according to claim 8, wherein step (2) comprises generating the energy

transfer signal without synchronizing it to a phase of the modulated carrier signal.

26. The method according to claim 8, wherein step (2) comprises generating the energy

transfer signal independent of the modulated carrier signal.

27.  Themethod according to claim 8, wherein step (2) comprises generating an asynchronous

energy transfer signal.

28.  The method according to claim 27, wherein step (1) comprises receiving the modulated

carrier signal through a relatively low input impedance path.

* c L M H *
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29. - The method according to claim 27, wherein step (1) comprises receiving the modulated

carrier signal through a relatively efficient power transfer path.

30.  Anapparatus for directly down-converting a modulated carrier signal to a demodulated
baseband signal, comprising:

an energy transfer signal generator; .

a switch module conh‘olied by said energy transfer signal generator;

a storage module coupled to said switch module; and

- a circuit for efficiently transferring power from the modulated carrier signal.

'31."  The apparatus according to claim 30, wherein said circuit comprises: ..

-~ ah input impedance match circuit coupled to an input of said apparatus.

" 32"~ The apparatus according to claim 30, wheréin said circuit comprises:

-+ an output impedance match circuit.coupled to an output of said apparatus. -

. 33.  The apparatus according to claim 30, wherein said switch module is coupled between an

- input of said apparatus and said storage module.

34, The apparatus according to claim 30, wherein said circuit comprises:

a tank circuit coupled between an input of said apparatus and said switch circuit.

35.  The apparatus according to claim 30, wherein said circuit comprises:

a feed forward circuit in parallel with said switch module.

36.  Theapparatus according to claim 30, wherein said storage module is coupled between an

input of said apparatus and said switch module.

37.  The apparatus according to claim 30, wherein said apparatus is tuned for at least one

frequency greater than one giga Hertz.

T
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38.  The apparatus acct;f&ihg to claim 30, wherein said aﬁparatus is tuned for at least one

frequency between 10 Mega Hertz and 10 Giga Hertz.

39.  The apparatus according to claim 30, wherein said energy transfer signal generator

comprises an asynchronous energy transfer signal generator.

40. A system for down-converting an electromagnetic (EM) signal, comprising:
means for integrating and transferring energy from an EM signal to thereby down-convert

said EM signal, said means including a resonant structure to enhance said energy transfer.
41. A system for down-converting an electromagnetic (EM) signal, comprising:

means for integrating and transferring energy from an EM signal to.thereby down-convert

said EM signal, said means including an optimized switch structure.
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