
SYSTEMS AND METHODS FOR RECEIVING AND MANAGING POWER IN WIRELESS
DEVICES FIELD OF INVENTION This application relates generally to
systems and methods for receiving and managing power in wireless
devices, and more particularly, to systems and methods for harvesting
and/or collecting RF power and/or converting direct current power.
BACKGROUND Sensors and transmitters that are small and require low
levels of power of  operation are frequently used for collecting
information without being intrusive to  their operating environment.
For example, a battery powered sensing and transmitting devices may
be surgically implanted within living tissue to sense and transmit
characteristics of the body in which its is implanted. The lifetime
of the battery used within such a sensor often requires additional
surgical procedures to periodically replace the battery. Similarly,
where a sensor and transmitting device is located within controlled
or hazardous environments, it is often a time-consuming and expensive
task to periodically replace the battery. Enerygy may be
collected/harvesed from radio frequency ("RF") waves for use  



in remote sensors and transmitting devices. One example of this
functionality is an RF  identification ("RFID") tag that derives
power from an RF wave (e.g, from a  transmitting device operating to
read the RFID tag) and uses that power to transmit an identification
signal. One drawback of this technology is that the RFID tags
typically  only operate over short distances. A rectenna is an
antenna that includes a rectifier, the rectenna receives RF waves,
rectifies the waves and produces direct current ("DC") power. The DC
power produces by the rectenna is dependent on rectenna design, RF
wave frequency, RF wave polarization and RF wave power level incident
at the rectenna. Typically, the DC power output from the rectenna is
conditioned by conditioning electronics before  being fed to a
powered device. (e.g., sensor, microprocessor, transmitter etc. ).
Where characteristics of the RF wave vary, the DC power output from
the rectenna also  varies, this affects power conversion efficiency
due to loading upon the rectenna by the conditioning electronics
which attempts to maintain a constant power output for  the powered
device. 1  



SUMMARY In one embodiment, a radio frequency (R F)  nrception device
has a first periodic. or aperiodic antenna array with one or more
antenna elements. Electrical conductors provide connectivity cif the
al-derma elements such that selective reception of radio frequency
energy by the first periodic or aperiodie determined by size and
layout of each of the antenna elements, the connectivity,and coupling
to one or more rectifiers. In another embodiment, a rem-if:gm-able
radio frequency (RE) reception device has a plurality of antenna
elements, each of the antenna elements having at 10least one
rectifier, wherein a first set of antenna elements, selected from the
plurality of antenna elements, has a first size and wherein a second.
set of antenna elements, selected from the plurality of antenna
elements, has a second size. Electrical conductors provide
connectivity to each of the plurality of antenna elements and
rectifiers such that selective reception of RE energy by the
plurality of ardesma iS elements is determined by size, shape, layout
and substrate characteristics of the pharality of aBtOnfla elements,
the connectivity, tind coupling of one or more recti to the plurality
of antenna elements,       In another embodiment, a system for
selective radio frequency (RE) rece has a periodic or aperiodic
antenna array with a plurality of first antenna elements,
20Electrical conductors provide connectivity to each of the first and
second sets of auternia elements such that selective polarized
reception of RE energy by the aperiodie antenna army is determined by
orientation and feed points of the antenna elements, the
connectivity, and coupling of one or more rectifiers to each antenna
element, 25in another embodiment, system collects xncl conditions
variable DC 



Okdrielli power from at least one source. The system includes
electronics for converting the variable DC electrical power to
storable DC power, t. conditioning electronics presenting a positive
impedance to the at least one source, and a storage device for
storing the storable DC power, 30in another embodiment, a system
collects/harvests energyradio frequency
(RE)/microwavelmillimeter-wave power, The system includes a rece
device with at least one antenna and at least one rectifier, the
receiving device  convening the. RElmicrowaveirav(DC)  electricity.
The system also has a power management unit that (a) configures the
receiving device based upon the DC power, (b) presents a desired load
M the receiving device and (c) stores the DC power, 5In another
embodiment, a method converts radio frequency (RP) energy into usable
direct current (DC) power, including the steps oft receiving the RP
energy using at least one rectenna, loading the at least one
rectorate with a desired impedance, transferring the received power
to a storage device, and conditioning the stored power to provide the
DC power,       In another embodiment, a method converts variable ow
power DC power into usable direct current (DC) power, including the
steps of; sensing characteristics of the-variable low power DC power;
selecting, based upon the sensed. characteristics, a DCto-DC
converter module and operating characteristics to convert the
variable low       DC power to power suitable for storage; storing
the converted power in a. suitable storage device; and conditioning
the stored power to produce usable DC power. In another embodiment:,
a software nroduct has instructions, computer-readable media, wherein
the instructions, when execuomputer, perform steps for designing a
system for collentingthaniesting ene.rgy from RP waves, including
steps oft interacting with recrenxia design software to select
desired reetenna configuration for overall combined rectenna and
power manager efficiency; solving appropriate converter topology;
selecting converter components and operating conditions for maximum
efficiency based upon selected. rectenna configuration and output
characterislics over designated incident power characteristics, and
selecting appropriate control approach and settings For maximum
overall system efficiency over given system characteristics. In
another embodiment, a method of designing a rectenne includes the s-
of, selecting element size of the rectenna based upon available area,
incident radiati power levels and operating .frequency range;
selecting element polarization based 



30upon the RP' environment of operation; selecting recterma material
based upon propagation medium and frequency range; selecting rectorma
array shape and size based upon required output power levels,
available power storage,operational duty  cycles and available
spaceselecting a number of elements connected to  based upon incident
power levels and selected element size; and selecting a. radome
approprzate for intended use,       In another embodiment, a software
product has insimetions, stored: computer-readable media, wherein the
instructions, when executed by a computer, perform steps for
designing a rectums, including instructions for: interactively using
power management design software to select optimum reeterma
configuration for overall combined rectenna and power management
efficiency; optmtzing rectitier circuitry based upon application;
solving rectifier circuit topology based upon 10optimized rectifier
circuitry; solving antenna topology based upon optimized rectifier
circuitry, polarization, incident radiation power level an'
electromagnetic siniulations; solving DC network at RE frequencies
using a combination of full-wave electromagnetic and high-frequency
circuit simulations; selecting appropriate combined antenna and
rectifier topology; selecting appropriate 15DC network topology and
operating characteristics; selecting appropriate aday configuration;
and. selecting appropriate package for integration with power manager
based upon simulation of package thr RIP compatibility.       In
another embodiment, a. software product has instmctions, stored 011
computer-readable media, wherein the instructions, when executed by a
computer, 2.0perform steps for designing a system for
collectingiharvesting, energy from power sources, including
instructions for: interacting with power source design software to
select one or more desired power sources for overall combined power
source and power manager efficiency; solving appropriate converter
topology; selecting converter components and operating conditions for
maximum efficiency based upon 25selected power source configuration
and output. characteristics over designated incident power
characteristics; and selecting appropriate control approach and
settings for maximum overall system efficiency over given system
characteristics,       In another embodiment, a software product has
instructions, stored on computer-readable media, wherein the
instructions, when executed by a computer, 



30 perform steps air designing a power source, including instructions
thy interactively interacting with power management design software
to select optimum power source configuration for overall combined
power source and power management efficiency;  optimizing power
source circuitryupon application; selecting appropriate  DC network
topology and operating eand selectingo Hate package for integration
with power manager based upon simulation of package for power source
compatibility. in another embodiment, a system collects and
conditions variable DC cal power from at least one source:.
Conditioning electronics converts the le DC power to storable DC
power and presents a positive equivalent resistive load to the at
least one source. A storage device stores the stotable DC power, The
positive equivalent resistive toad corresponds to optimal load
resistance of the source 10over a range of input power levels.
In another embodiment, an integated converter collects and conditions
variable DC electrical power from at least one source. Conditioning
electronics converts the variable DC electrical power to storable DC
power and presents a positive equivalent resistive load to the at
least one source"k controller controls the 1$ topology and switching
frequency of the conditioning electronics, A storage device stones
the storable DC power, The controller adaptively adjusts one or more
of the switching tiequency and topology to extract power from the
rectenna while storing the collectedlharveste.d energy. In accordance
with an exemplary embodiment, a system for collecting radio 20
frequency ("RE") power, comprises a power source, a DC combining
circuit, a controlled impedance power controller, and an energy
storage device. The power source comprises at least a first antenna.
element and a. second antenna element, wherein each of the first and
second antenna elements are coupled to at least one rectifierleast
two rectenna elements, where the power source converts the RP' power
into a direct. =rent ("DC") power source output power. The DC.
combining circuit is associated with the power source, and the DC
combining c 



is configured to dynamically combine the at least two recterma
elements M one of a plurality of series/parallel configurations. The
controlled impedance power court-oiler may comprise: a power
converter having a power converter input and configured to 30 receive
the DC power source output power at the power converter input,
wherein the DC power source output power comprises current and
voltage characteristics which may drift over time, wherein the power
converter is Catligured to present a positive  equivalent resistive
load to the power source over a range of input power levels; and.
wherein the controlled impedance power controller is further
configured to control the DC combining circuit such that the DC power
source output power approaches a desired overall power output from
the at least two reeterma elements. The energy storage device is
configured to store the DC power source output power.       In
accordance with another exemplary embodiment, a system for converting
direct current (DC) power received from a power source(s) comprises a
controlled impedance power controller which further comprises a power
converter and a storage device. The power converter comprises a power
converter input and is configured to 10 receive DC power at the power
converter input, wherein the DC power comprises current and voltage
characteristics which may drift over time, wherein the power
converter is configured to present a positive equivalent resistive
load to the at least one power source over a range of input power
levels. The storage device is configured to store convened power from
the at least one power source.       In accordance with another
exemplary embodiment, a method of storing low power direct current
(DC) power re4eived from a power source(s) comprises the steps of:
sensing currant and voltage characteristics of thc low power DC
power; selecting, based upon the sensed characteristics, a DC-to-DC
converter module and operating mode; selecting parameters, based upon
the sensed characteristics, such that a positive 20equivalent
resistive load is presented to the power source(s) at the input of
the DC-to- DC convener module over a range of input power levels; and
storing the converted power, from the DC-to-DC converter module, in
an energy storage device. In accordance with another exemplary
embodiment, a device for collecting radio frequency (RP) power
comprises at least two rotten/la elements, a power controller, and a
DC combining circuit. The at least two recterma elements comprise one
of: (a) a first antenna integrated with a first rectifier and a
second antenna integrated with a second rectifier, and (b) a first
antenna integrated with a first rectifier and a second rectifier
where each is configured fin a different polarization, The DC
combining circuit is associated with the at least two recterma
elements and 30the DC combining circuit is configured to dynamically
combine the at least two rectenna elements in one of a plurality of
series/parallel configurations. The power  controller is configured
to control the DC combining circuit to achieve a desired overall
power output from the at least two recteana elements,       In
accordance with another exemplary embodiment, a method of collecting
, radio frequency WO power using a device comprising at least two
rectenria elements, a power controller and a DC combining circuit
comprises the steps of: receiving RF waves at each of the at least
two rectenna elements; determining which one of a plurality of
series/parallel electrical configurations of the at least two
rectertna elements will result in a desired overall power output from



la dynamically reconfigure the connectivity of the at least two
rectenna elements in one of a plurality of series/parallel
configurations; and storing the overall power output from the at
least Iwo rectenna elements in a storage device. Brief description of
the figures         FIG. I shows an exemplary embodiment of a power
collecting/harvesting 15system that includes power sources and a
controlled impedance, voltage or current power controller, FIG, 2
shows one exemplary periodic and uniform rectenna array. FIG, 3 shows
one exemplary aperiodic and non-uniforin /cotenant array. FIG, 4
illustrates exemplary energy coupling including a plurality of DC-to-
20DC converters.       HG, 5 is a flowchart illustrating one
exemplary process for converting variable power DC power into usable
DC power.       FIG. 6 is a flowchart illustrating one process for
designing a system for collecting/harvesting energy from a power
source, 25FIG. 7 is a flowchart illustrating one process for
designing a rectenna.       FIG, 8 is a flowchart illustrating
another exemplary process for designing a recterina.       FIG, 9 is
a flowchart illustrating one exemplary process for designing a system
for coliectingtharvesting energy from power sources. 30FIG. 10 shows
one exemplary block diagram of one exemplary rectenna and sensor
system embodiment. FIG. II shows an exemplary model and a layout: of
a reetenna        HG, 12 shows an exemplary graph illustrating
simWated and measured output power of the rectenna of FIG. 11 as a
function of ugh sistancc, AA an exemplary graph illustrating
simulated and measured output voltage of the recterma of FIG, 11 as a
function of output resistance, 



PIG. 13 shows a block diagram illustratingexemplary DC power
processing circuit for obtaining plus and minus I 5V power,       Ha
14 shows one exemplary graph illustrating measured DC output power of
the circuit of FIG. I 3 against polarization angle of radiation
incident on the rectenna array and one exemplary graph illustrating
DC output power and efficiency of the 10 circuit of FIG, 13 against
power received by the roe:tonna may FIG, 15 shows one exemplary
circuit forconverter in frequency;Auction mode (CR,M).       FIG, 16
shows one exemplary circuit for a huck-boest converter in fixed
frequency discontinuous conduction mode (DCM). 15FIG, 17 shows three
exemplary waveforms illustrating operation of the converter circuit
of FIG, 5, Ha 8 shows one exemplaryugate driving signals for the
circuit of FIG, 15,       FIG, 19 shows two exemplary equations that
define operation of the circuit of FIG, 15, HG. 20 shows one
exemplaryable switching-capacitor topology of one embodiment Detailed
description of the FIG. 1. shows an embodiment of a power collecting
-system00 that includes 2-"power sources 102 and a controlled
impedance, voltage or current power m 



104. Power harvesting system 100 is illustratively shown powering a
powered device 106. Powered device 106 is, for example, a sensor
and/or transceiver device. Power source 102 may represent one or more
of: a rectenna, a photovoltaic cell, a piezoelectric device or other
power collecting device. Although described in various :30embodiments
as a power collecting system or a power harvesting system, it should
he understood that the systems, devices: and inerhods described
herein may he used for either purpose,  Power controller 104 is
illustratively shown with energy storage device 108,  energy coupling
device 110 and energy management device 112, Energy storage device
108 is for example a battery or a capacitor; it may be internal to
power controller 104, as shown, or external to power controller 104
without departing from the scope hereof.       Energy management
device 112 instucts energy coupling device 110 to convert energy
received from power source 102 into a form suitable for storage by
energy storage device 108. Accordingly, energy coupling device 110
may include a DC-to-DC voltage converter 1.16 that changes the DC
voltage received from power 10source 102 such that it is suitable for
storage in energy storage device 108, The DC- to-DC voltage converter
116 may represent a step-up voltage converter or a step down voltage
converter, Or, DC-to-DC voltage converter 116 may include a plurality
of different types of DC-to-DC voltage converters that are
selectively chosen to convert DC power received from power source 102
into a form suitable for storage by energy 15storage 102. Energy
coupling device 110 is further shown with optional DC combining
circuit 114, which operates to combine DC inputs from power source
102 where multiple power SOU/GCS 102 provide power to controlled
impedance power controller 104. DC combining circuit 114 may include
one or more switches selected by energy 20 management device 112 to
configure connectivity of multiple power sources 102, For example,
where power source 102 is a recterma array (e.g., rectenna array 200,
FIG. 2) that has a plurality of antenna elements (e.g., antenna
elements 202), depending on sensed characteristics of received power
from the aperiodic rectenna, energy management device 112 may control
DC combining circuit 114 to configure antenna 25elements in series
and/or parallel for optimum operation. In particular, as power
levels, frequencies and polarizations of incident RE waves change,
energy management device 112 may reconfigure connectivity of the
recterma array to improve energy collecting/harvesting efficiency,
Energy management device 112 may also receive information from
powered 30device 106 via a signal 118 that indicates power
requirements of powered device 106. 



This information is used by energy management device 112 to optimally
configure energy coupling device 110. Thus, in an exemplary
embodiment, energy management  device 112 may be configured to cannot
energy coupling device 110 based on feedback from powered device 106,
In the following examples, power source 102 is represented by one or
more rectennais However, other power sources may also be used in
place of the reetennas 5shown,       FIG, 2 shows one exemplary
periodic and uniform rectenna array 200, illustrating nine square
patch antenna elements 202 on a grounded substrate 204. Each antenna
element 202 has a rectifierthereby forming a rectennu 208,
Intereonnectivit), of periodic rec tentiais noclarityALS E 10Size
and'each antenna element, connectivity of each rectifier thereto and
substrate characteristics determine the frequency rangepolarization
of radio frequency waves received by reetenna array 200. Array 200
may be formed with alternate antenna designs without departing from
the scope hereof, Moreover, additional rectifiers may connect in
parallel or series to rectifiers 206, also without departing from the
scope hereof.       FIG. 3 shows one exemplary aperiedic and
non-uniform recterina array 300 with five patch antenna elements 302
of a first size formed on a substrate 304, each antenna element 302
having a rectifier 306 to form a rectenna 312, Apodaca rectenna array
300 also has a patch antenna element 308 of a second size fimmed on
20 substrate 304; antenna element 308 has a rectifier 310 thus
forming a rectexma 314.. Rectemia 312 is designed for receiving radio
frequency waves of a first frequency range, and rectenna 314 is
designed for receiving radio frequency waves of a second       y
range, Thus, the aperiodic and non-uniform rectenna array 300 may
receive adio frequency waves within both the first frequency range
and the second frequency a a       Additional or difkit...nt
rectertnas may be included within array 300, The frequency range and
polarization of the radio frequency waves received by aperiodic
non-uniform rectenna array 300 may- lined by the size, layout and
type of 



each antenna element, and/or the connectivity of each rectifier
thereto. 30Although not shown in RR's. 2 and 3, connectivity of
rectentias 208 within periodic rectenna array 200 and connectivity of
western-las 312 and 314 within aperiodic rectetina array 300 may be
based upon, for example, radio frequency waves  incident at each
recteaa array and the desired power output of the ecleigna array. Fe
example, rectermas 208 may be connected in series or parallel, or any
suitable series/parallel combination, Selection of a suitable,
rectifier topology and reeti icy range: and power levels received, is
also important for efation of these recteana array-s. Multiple
periodic or aperiodic,n-uniform, rectenna arrays may be used to
collect/harvest RP energy. For example, output from two periodic
rectenna arrays, each having different: sized ariterma elements
(i,c., each receiving RI' waves of different fintiency ranges and/or
polarizations) may be combined for conditioning by controlled
impedance (or DC input parameter) power controller 104, FIG. 1,
A :antenna array (e.g., periodic rectemia array 200, FIG. 2) may also
be reconfigured during operation. For example, if energy management
device .312 determines that output voltage of rectums array 200 is
too high ex too low, energy 15management device 112 may instruct
energy coupling, device 110 to modify connectivity of recterma array
200 (e.g., using DC combining circuit 114) to decrease or increase
output voltage. DC combining circuit 114 for example contains
switching components (e.g., MOSFETs, WI, MST, relays, etc.) that
allow dynamic configuration of connectivity to power source 102.
Furthermore, if energy management device 112 determines that output
power of the rectermit array is too high or too low, energy
management device 112 may instruct energy coupling device 1010
reconfigure antenna elements of recterina array 200 into parallel
and/or serial connectivity combinations, thereby reducing or
increasing output voltage and/or current. Connectivity of one or more
rectenna arrays may, for example, be based upon  one or more of
output voltages, open circuit voltage, short circuit current, output
current and output power of one or more antenna elements, in other
exemplary embodiments, the connectivity may be based on. other
factors such as the battery level OF RF input power. Groups of
antenna elements producing similar currents may be 



30 connected in series, whereas groups of antenna elements producing
similar voltages may be commeted in parallel. Operating parameters of
the power controller 104 may also be. based upon one or more of
output voltages, open circuit voltage, short circuit current, output
current and output power of one or more antenna elements andior other
power sources, Controlled impedance power controller 104 may include
one or more sensors       time circuits configured to monitor
characteristics of input power and/or other parameters. Thus, in an
exemplary embodiment, the system is configured to sense the following
parameter(s): an open circuit voltage, a short circuit current, an
operating voltage and current of the power source(s), and the output
current and voltage of the power converter; and the controlled
impedance power controller is further configured to monitor the
sensed parameters, and to present a positive equivalent resistive
load to 10the power source(s) based on those monitored sensed
parameters. The rectenna array may be designed such that RF power
from two or more antenna elements are combined before rectification,
Furthermore, it should be understood that two rectenna elements may
comprise a first antenna integrated with a first rectifier and a
second antenna integrated with a second rectifier, In 'mother
embodiment, two Miellf):?: elenients may comprise a single antenna
integrated with first and second rectifiers where each rectifier is
configured for a different polarization, Thus, in accordance with an
exemplary emboMment, a positive e resistive load is presented to the
power source(s). This is a significantly different 20solution than
that employed in the prior art, it has always been a challenge for
power management to maintain maximum output power over a wide range
of operating conditions. Many techniques to do so by way of maximum
power point tracking (MP.PT) are well known in the higher power
photovoltaic and wind power systems, Some prior art Is4PPT systems
include: perturbation and observation method., 25incremental
conductance method, powerfeedback control, and fiizzy logic. These
approaches have their drawbacks, particularly when used in
conjunction with relatively 'low power" power sources. In particular,
these approaches often require a high power overhead due to complex
control circuitry. In contrast, in an exemplary embodiment of the
present invention, et 30 collected/harvested near maximum output from
low power sources (by way of non limiting example 1 inW to 100 .AV
ranee) by loading the power sources with a constant resistance. Any
simple circuit configured to load the power source with a 



constant r configure x tmplary embodiment,r i stance at its input
port while transferring  energy to an output capacitor or battery at
voltages appropriate for the sensor load application, 'The converter
matehos the source characteristics ever a wide range of           and
thus does not need to constantly search for the maximum power point.
Many different well known power converter topologies and control
approaches may be used to achieve the near resistor emulation at the
input port. By way of example, approaelm for resistor emulation at
the input port (without Orient feedback) include: boost type convert=
in critical conduction mode 10(CRM) and buck-boost typo converters in
discontinuous conduction mode (DCM), Thus, the converters may be
operated continuously or in pulsed mode, One exemplary topology is
the buckrboost converter operating in Axed-frequency DOM using a
floating input voltage source to allew ibr a nonsinverted output and
t two switch linplernimlation. Another exemplary tomilogy is a
buck-boost converter in variable-frequency critical conduction mode
(CRM). Another exemplary topology is a boost convertor operated in
DCM or in CRNI. Another exemplary topology is a buck converter
operated in DCM or CRM. The selection of a convener and mode of
operation depends on the charaeterialics and variations in the power
coerce and energy storage and upon the amount of acceptable power
consumption by the converter control circuitry. Such design
considerations are expounded upon in " Resistor Emulation Approach to
Low Power RE Energy Harvesting", T. Paing, J. Shin, R. Zane, Z.
Eopovic, IEEE Transactions on Power Electronics, accepted for
publication November 8, 2007, to be published in May 2.008 issue,
incorporated herein by reference. Thus, the system may comprise a
controlled impedance comprisingpie a first type of DC to DC converter
selected from the group ofi converter, a buck convr, 



ar, a two-swftch buck-boost converter, a boost d a switched capacitor
converter.  Furthermore, in an exemplary embodiment, the system may
co. 30controlled impedance power controller comprising one of (a) an
isolated step up, in, or up/down converter and (b) a nott-isolated
step up, down or up/down  the thilmaboost, buck-boost, Flyback,
SEPIC, and Cut        Furthermore, in art exemplary embodiment, the
system may comprise a controlled impedance power controller operating
in one of (I) an open loop in one or (a) discontinuous conduction
mode and (y) critical conduction mode, and (2) a closed loop in
continuous conduction mode; and wherein the controlled impedance
power convener selects a DC-to-DC converter module and penning mode
to achieve a desined input impedance for proper loading of the power
sourcefais        It will be appreciated then that any suitable
converter and operation mode 3 ixt used that presents a positive
equivalent resistive load to the power source _ manner suitable for
low power 801-ttea. F1Gs, 15, 16 and t Ss described below, show
exemplary CitCIFiZO for presenting desired impedance to one or more
power sources (e.g,, power 30tirCe 102., FIG, 1, recteona nrray 200,
FIG. 2, and aperiodie EacIenna array 300, FIG, 3), Prior art DC-to-DC
convertera typically implement inverse resistive loading: as input
power decreases, resistance presented to the input power source is
reduced, thereby further toading the input source, Controlled
:ffEpadauce power controller 304, on the other hand, maintains
resistance presented to the input source at a bataunally constant
level, even as input power levels vary. The controlled impedance may
'so he varied 



based on sensed conditions of the power source to emulate a desired
impel:tame, ilfpni:    voltage or input caffein in order to improve
the energy coliectingtharvestiag eneys for example by emulating a
positive equivalent resistive bad where isce presented to the source
increases as input power Mimosas, In accordance with an exemplary
embodiment: (1) said positive equivalent resistive load is tuned to
aproximately match the tow frequency output impedance of the power
source(s);               positive equivalent resistive load is tasted
to approximately maximize the output power of the power source(s), In
accordance with another exemplary embodiment, the positivc equivalent
resistive toad corresponds to an optimal bad resishinee of the power
score-c(s) over a range of input power levels,       Selection at
circuitry for power britroller 104 depends on the desired Where high
efficiency of energy coilectingtharvesting is required, My may be
included to sew:, characteristics of the input power, whereas if the
power source provides ample power, high efficiency may not be
nceessanc aflowina irnpiified circuitry to be used.  power sources
may be combined two with an RF power source     Forle, an PI wave
rectenna array, a rnech.anMal generator and a photovoltaic eel' may
be used as input to combining circuit 114 and power controller 104,
Power controller 104 may than dynamically configure those inputs
depending on 5.sensed input characteristics and/or desired output
requirements in order to improve energy collectinglharvesting
efficiency, in particulars energy sources may ha combined in such a
way (e,e", parallel and series combinations) as to provide hi sin to
each other, thereby increasing overall energy colleetin         illy,
powered device 106 may provide feedback to energy management device
10112 to indicate its power needs, Energy management device 112 may
Men configure power input connectivity needed to provide the
necessary power. Power controller 104 may also transfer energy from
energy storage device 



to one or more power SOMee 102 outputs in order to increase the
overall energy collectinglharvesting efficiency. For example, energy
can be transferred to the DC 15output of a widen:ea for improved
biasing, resulting in improved energy collectinglharvesting
efficiency.       Where input power conditions vary, DC-to-DC
converter 116 may be selected from a plurality of converters to match
the input power characteristics. FIG. 4 shows one exemplary energy
coupling 402 that includes a plurality of DC-4o--DC rionverfen 404
and an optional DC combining circuit 406. DC combining circuit 406
may represent DC combining circuit 1.14, FIG. 1. Energy coupling 402
may represent energy coupling device 110, FIG. 1, For example, each
of DC-to-DC converters 404 may represent one of: a four-switch
buck-boost converter, a two-switch back-boost converter, a boost
converter operating in critical-tionduction mode, a buck converter
controlled to regulate input current or voltage as a function of the
corresponding input voltage or current, and a switched capacitor
converter, DC-to-DC converters 404 are selectable based upon input
power characteristics and the type of storage device used for energy
storage device 108. As input power characteristics change, energy
management device 1 i2 may select art alternate DC-to-DC converter as
needed, 30Where input power conditions vary, energy management device
112 rosy ehange the operating characteristics of DC-to-DC converter
116 to match the emulated input impedance of the converter to the
desired load of the power source  102. For example, based upon one or
more of; sensed open circuit voltage of power source 102, short
circuit current of power source 102, operating voltage and current of
power source 102, and output power of power source 102,
characteristics of DC-toDC converter 116 may he adjusted to emulate
an appropriate resistance.       FIG. 5 is a flowchart illustrating
one process 500 for convening variable power DC power into usable DC
power, in accordance with an exemplary embodiment. In an exemplary
embodiment, process 500 is performed by controller 104, FIG. 1. In
further exemplary embodiments, process 500 senses characteristics of
the variable low power DC power (step 502) and then selects (step
504), a DC-to-DC 10convener module and operating characteristics
based upon the sensed characteristics, to convert the variable power
DC electric into power suitable for storage. The power suitable for
storage may then be stored (step 506), For example, the power may be
stored in energy storage device 108, FIG, 1, The stored energy may be
conditioned into the usable power (step 508). For example, the energy
from energy storage device is108 may be conditioned and provided as
DC power to powered device 106.       FIG. 6 is a flowchart
illustrating one process 600 for desigiirtg a system for
collectingtharvesting energy from a power source. In accordance with
an exemplary embodiment, process 600 interacts with power source
design software to select a power source configuration (step 602).
Additionally, process 600 may solve the 



20appropriate converter topology (step 604), Process 600 may also
select the converter components and operating conditions (step 606),
Also, process 600 may select the appropriate control approach and
settings (step 608).       FIG, 7 is a flowchart illustrating one
process 700 for designing a rectenna. In an exemplary embodiment,
process 700 selects the element size of the rectenna based 25upon
available area, incident radiation power levels and/or operating
frequency range (step 702). Additionally, process 700 may select
element polarization based upon the RF environment of operation (step
704). Furthermore, process 700 may select recterma material based
upon propagation medium and frequency range (step 706). Also, process
700 may select a shape and size for the rectenna anray based upon
required output power levels, available power storage, operational
duty cycles and available space (step 708). Process 700 may also
select a number of elements  connected to each rectifier (step 710)
and select a radome appropriate for intended use(step 712). FIG, 8 is
a flowchart illustrating another exemplary process 800 for designing
rectenna. In accordance with an exemplary embodiment, process 800 may
use  power management design software to interactively select an
optimum rectenna configuration for overall combined rectenna and
power management efficiency (step 802). Process 800 may optimize the
selected rectenna circuitry based upon application (step 804), In
further exemplary embodiments, process 800 solves rectifier circuit
topology based upon optimized rectifier circuitry (step 806). Also,
process 800 10may solve antenna topology based upon optimized
rectifier circuitry, polarization, incident radiation power level and
frequency using full-wave electromagnetic simulations (step 808).
Process 800 may further solve the DC network at RF frequencies using
a combination of full-wave electromagnetic and high-frequency circuit
simulations (step 810). Moreover, process 800 may select combined
antenna 15and rectifier topology (step 812). Process 800 may select
an appropriate rectenna array configuration (step 814), Also, process
800 may select an appropriate package for integration with ihe power
manager based upon simulation of the package for RF compatibility
(step 816). FIG. 9 is a flowchart illustrating one process 900 for
designing a system for 



20 collecting/harvesting energy from power sources, In accordance
with an exemplary embodiment, process 900 interacts with power source
design software to select one or more desired power sources for
overall combined power source and power manager efficiency (step
902). Process 900 may then solve for an appropriate convener topology
(step 904). Moreover, process 900 may select converter components and
operating conditions for maximum efficiency based upon selected power
source configuration and output characteristics over designated
incident power characteristics (step 906). Also, process 900 may be
configured to select an appropriate control approach and settings for
maximum overall system efficiency over given system characteristics
(step 908). 30Fla 10 shows a black diagram of one exemplary rectenna
and sensor system 1000. in particular, system 1000 has a recterma
array 1.002, DC power processing 1004, sensor query electronics 1006,
information processing 1008 and a piezoelectric  sensor array 1010.
kt one example, system 1000 is used to sense structural fallitree
from fatigile wilhiti an aircraft Rectenna array 1002 is termed on a
flexible subs-time that may be conthrmod to a nuiderate curve of an
aircraft       FIG. 11 chows till exemplary tiro:del 1100 am: a
layout 1150 tif ina ADS rectetma. Model 1100 is: shown with an
atitenna 113 diNle ;UM, an indlletor 1106 a cigiaeitor 1108 and a
inaistur 1110. As shown in layout 1150, a commercial lumped element
capacitor 1158 representing capacitor 1108 and a sniali 014mm
diameter wire 1156 repmenting inductor I i& provide suitable
impedance for an eittuta fther of the rectenna. In one. exemplary
enittodiment, output voltage of the recteaua is lemeasure:it:cross a
vriabie resistor and Me.  DC power is calculated as       HG.. 12
shows an exemplary graph:1200 illustrating: ainutiMed and rneaardeft
output power of the rectenna war:elated with Figure 11 as a function
of output resistance, and an exemplary graph 1.250 ilLus&aiing
simulated and measured orMatt oltge of such a rectenna as a flanetion
of cutout resistance, 15HG, shows a block diagram illustrating one
exemplary DC power processing circuit 1300 inr obtaining plus and
minus 15V powsr. Circuit 1300 is powered, fbr example, by an array of
rectenna 1101, FIG, II, not shown. iTIG 14 shows one exemplary graph
1400 illustrating measured DC output 20power of circuit 1300
agiuntiration awnocHent radratimi against the rectenna may and one
exemplary $raph ''Ilinstrating DC output power and 



of ciimilt 1300 against received power by the rectenna way.
5 shows one exemplary circuit 1300 for a boost converter in variable
frequency critical conduction mode (CAW) FIG. 16 shows one exemplar
circuit 251600 thr a buck-boost converter in fixed frequency
discontinuous can:hut:ion mode         Note that in both circuits
1500 and 1600, a two-switch implementation is ;2o:so:We tine to the
floating input power source. The converter circuits 1500, 1000 may be
operated continuously at higher input power levels, or operated in a
pulsed mode at lower power Levels, as shown in waveforms 1700 and
1750 of Ma 17, 30In another exeinplary embodimeni, the same concept
could be implemented with a ware wave waveform,        En particular,
waveform 1700 or FIG. 7 shows inductor current under steady-stain
operation of circuit 1500, FIG, IS, In a Hst transition of eirnitit
i500, translator Q is turned on and Qq, is turns off during and ihus
the inductor currant camps up  from zero to ipk over that time, After
this transition, QE is turned off, and Q2 is turned on to move the
energy to the load. This second transition lasts until the inductor
current drops to zero. When this occurs, the. first transition is
repeaied. The converter of circuit 1500 runs in this mode for a
certain duty cycle, k, of a low frequency period, Tw. At kT, the
converter tunas off and starts up again at T. By adjusting k or ton,
the emulated input resistance seen by the source is changed, Changing
the emulated input resistance to match the optimum rectenna load
maximizes energy collecting/harvesting.           In circuit 1500,
the input voltage source is shown as Vg, and the output energy 1013
stored in an energy storage element such as a capacitor or
micro-battery. The voltage,is a sense point used by a comparator to
find a zero crossing of the Inductor current Optionally, the open
circuit voltage, V" or a short circuit current, ise, may be used by
additional control circuitry to find the operating input power level
and set k. The gate driving signals, gate" and gate, are essentially
the same signal when the converter is operating in critical
conduction mode. However, both drive their respective MOSFETs off
alter kTlf; thus gate n is a low voltage signal and gatep is a high
voltage signal. C3 and C2 are input and output filter capacitors.
Diode Q2 may be used to precharge the energy storage element, thus
enabling start-up from zero energy. The control circuitry for this
'boost converter generates the gate driving 20signals, given the zero
crossing point of the inductor current and the parameters: to," 



Tif., and k. This is for example achieved with the exemplary circuit
1800 shown in FIG. 18.       The voltage, V." from the power stage is
the positive input into a comparator with the negative input tied to
ground. V",., is a negative voltage most of the time. 25Detection of
a zero-crossing by the comparator triggers a pulse, from a one-shot
circuit, with width ton. This pulse is passed through two OR-gates
and then to circuit 1500 as gate n and gatep. A second input into the
gatep OR-gate is a signal from a low frequency oscillator that is
logic high after kTil. This ensures that both Q and Q2 are off after
that point. The low frequency oscillator operating at period, Tth
also provides 30the same signal to power off the comparator and
one-shot circuitry when the converter is not in operation for reduced
control power loss and to power them back on afterwards,         As
can be seen from equation 1950, FIG. 19, in an QC emplary embodiment,
if the boost converter operates continuously, the emulated resistance
Riats is only dependent on ton since k 1, This simplifies the control
circuitry since only the zero crossing detecting comparator and the
one-shot are used. However, these circuits are .$ on continuously,
even at low input power. In accordance with an exemplary embodiment,
implementation of the low frequency duty cycle control method allows
some of the circuitry to he powered off at times, depending on the
input power level. Note that in an exemplary embodiment, peak power
tracking components in the power controller sample the open circuit
voltage, Voc, of the input source when the converter is not in
operation. These components may also sample the short circuit cument,
I,. These values maybe used to adjust k orton and thus change
12,8,,,,taied to he the optimum impedance load. If operation at lower
power levels is desired, these additional control blocks may be
implemented. Prior art power converters for very low power levels
have low efficiency due 15to parasitic leakage currents and parasitic
capacitance to the substrate. These limitations are removed by
developing a set of integrated converters for high efficiency energy
collecting/harvestingg an RI process. In an exemplary embodiment,
this process is based on fully-depicted silicon-on-insulator (FD-SOI)
with a thick upper metal layer for inductors and a high resistivity
substrate. The 20primary advantages in this process for power
processing are reduced parasitic 



capacitances, which are up to 1000 times lower than in a traditional
CMOS silicon process. Such low porosities facilitate high efficiency
operation, oven at very low power levels and frequencies as high as
hundreds of Idiz (allowing small component sizes). In accordance with
an exemplary embodiment, an integrated power converter 25 IC may be
constructed with single and two-stage switched capacitor (SC)
circuits, which have high efficiency at very ;ow power levels since
parasitic capacitance is small.       FIG, 20 shows one exemplary
two-stage SC topology 2000. On-chip buffers may be provided for each
of the switches (SE-Sii) and external control logic (e.g.,
30controller 2002) may be used to determine the switching
configuration. Topology 2000 generates eight distinct power
conversion ratios from the input voltage (Vin) to the output voltage
(V0ut) for ratios from one third to three. The external control chip
adaptively adjusts the switching frequency and topology to
continuously extract maximum power from attached rectennas while
storing the collected/harvested energy to the output capacitor
(Cs,"ge). As the output capacitor voltage builds, the converter
sequences through topologies to maintain optimal loading of the
rectemsa and high efficiency.      Changes may be made in the above
methods and systems without departing from the scope hereof. It
should thus be noted that the matter contained in the above
description or shown in the accompanying drawings should be
interpreted as illustrative and not in a limiting sense. The
following claims are intended to cover all generic and specific
features described herein, as well as all statements of the scope of
the present method and system, which, as a matter of language, might
be said to fall there between,  CLAIMS       1. A system for
harvesting radio frequency ("RF") power, comprising:      a power
source comprising a first antenna element and a second antenna
element, wherein each of said first and second antenna elements are
coupled to at least one rectifier to form at Tali two recterina
elements, said power source converting the RF power into a direct
current ("DC") power source output power; a controlled impedance
power controller comprising:             a power convener having a
power converter input and configured to receive said DC power source
owing power at said power converter input,             wherein said
power converter is configured to present a positive equivalent
resistive load to said power source over a range of input power
levels; and an energy storage device configured to store said DC
power source output power.       2. The system of claim 1; wherein
the RF power is one of microwave power, 



millimeter-wave power, radar power, and wireless signals produced for
purposes other than powering the system.       3. The system of claim
I, wherein said power source comptises at least one of (a) dual
orthogonal linear polarization elements, wherein each orthogonal
linear polarization element has at least one rectifier; and (b) dual
orthogonal circular polarization elements, wherein each orthogonal
circular polarization element has at least one rectifier.    The
system of claim elements, wile:pin the ,erein said power source
device comprises a of elements is configured as a periodic or
aperiodie array,        5. The systemclaim. comprisitig an electronic
device powered from said storage device, wherein said external
electronic device is selected from the group of: a medical device for
implant into a brain, a medical device for implant into a spinal
cord, a medical device for sensing electrocardiogram signals, a
medical device for sensing electroencephalogram signals, a medical
device for sensing electrotnyogram signals, a medical device for
implant into a cochlea, a medical device for sensing Mood sugar
levels, a medical device for nerve and cellular simulation, an
environmental hazard sensor, industrial and commercial sensors and
devices for building and. structure control and automation, critical
area sensors, assistive technology devices, aircraft devices, marine
devices, satellite devices, retail environment devices, fire sensors
and devices, security sensors and devices, and a power source sealed
within an environment,       6. The system of clairr. 1in said power
converter is murthe:r configured to present a. positive equivalent
resistive load to said. power source that coitespons to optimal load
resistance of the soUtitt:,               The system of claim 1,
wherein said energy rage device is configured to transfer DC power to
at least one of an output of said two recterma elements in order to
improve an energy harvesting efficiency. 8.A system for converting
direct current (DC) power received from at least one power source,
the system comprising: a controlled imucdance power controller,
said1.c lied impedance power controller 



compnsrng:         power converter having a power converter input and
configured to receive DC power at said. power converter inpkit,
wherein said power converter is configured to present  positive
equivalent resistive load to the at least one power source over it
range of input power levels; and a storage device for storing
converted power from the at least one power        9. Th.e system of
claim 8, wherein said power converter is further configured to
present a positive equivalent resistive load to said power source
that corresponds to an optimal load resistance of the source.
10. The system of claim 9, wherein said controlled impedance power
controller further comprises an energy management device for
controlling at least one of a duty cycle k, an "on time" t0, a low
frequency period Tic, and a high frequency period Thy of the power
converter; and wherein the controlier adaptively adjusts at least one
of the duty cycle k, the "on time" to," the low frequency period Tus
and the high frequency period Tv to tune collection of power from the
at least one power source while storing the collected energy, 11The
system of claim 9, wherein said system is further configured to sense
at least one of the following parameters; an open circuit voltage, a
short circuit current, an operating voltage and current of the at
least one power source, and the output current and voltage of said
power converter; wherein said controlled impedance power controller
is further configured to monitor the sensed parameters, and to
present said positive equivalent resistive load to the at least one
power source based on those monitored sensed parameters. The system
of claim 8, wherein said storage device is one of;     a capacitor
and said controlled impedance power controller varies the voltage at
the output of said power converter based upon accumulated power
within the capacitor; and     a battery and said controlled impedance
power controller maintains the voltage at the output of said power
converter, 13.The P."S:e.3-318, wburen the uontn,,,,oedanuo ;:uns.u,u
ucuthollt:r CO:tp3'3.S.3:-33 33 tr3t 3:Speto-DC: 3130:333V3:37W k&
CteC itum the3;s33q33;3;3  buc,k-boost x::3-iven'er, 33;
M.:co.-switch ;>3.(3k-b(303-'33: C,0'3W3.33'.(33, a )oos: cuos,erku,
a buck 3:30X3V3:311e3', :3313dSWit:3113.3)31 :33433C:3:3)r converter,



14. The system of claim 8, wherein said controlled impedance power
controller comprises one of (a) an isolated step up, down, or up/down
converter and (b) a non-isolated step up, down or tim'clown
converter, wherein said stop up, down or up/down converter comprises
at least one of the following power converters: buck, boost,
buck-boost, SEPIC, and Cult.       15. The system of claim 14,
wherein said controlled impedance power controller operates in one of
(1) an open loop in one of (x) discontinuous conduction mode and (y)
critical conduction mode, and (2) a closed loop in continuous
conduction mode; and     wherein said controlled impedance power
controller selects a DC-to-DC converter module and operating mode to
achieve a desired input impedance for proper loading of said at least
one power source,       16. The system of claim 81 wherein said
storage device is configured to DC bias an output of aid power source
in order to improve an energy harvesting efficiency. A method of
convertingpower direct current (DC) power received from at least one
power source, comprising: sensing characteristics of the low power DC
power;      selecting, based upon the sensed characteristics, a
DC-to-DC converter module and operating characteristics;
selecting parameters, based upon the sensed characteristics, such
that a positive equivalent resistive load is presented to the at
least one power source at the input of said DC-to-DC converter module
over a range of input power levels; and      storing converted power,
from said DC-to-DC converter module, in an energy storage device.
18. The method of claim 17, wherein said power source comprises: a
first antenna element coupled to a first rectifier to form a first
rectenna element; and 



a second antenna element coupled o at least a second rectifier to
form a second rectenna element.  19. The method of claim 18, further
comprising biasing an output of at least one of: said first rectenna
element and said second rectenna element to improve an energy
harvesting efficiency.  20. The method of claim 18, further
comprising transferring DC power from said energy storage device to
at least one of: an output of said first rectenna element or an
output of said second rectenna element to improve an energy
harvesting efficiency. 


