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BACKGROUND

10 Sensors and transmitters that are small and require low levels of power for
operation are frequently used for collecting information without being intrusive to
their operating environment, For example, a battery powered sensing and transmitting
device may be surgically implanted within living tissue to sense and transmit
characteristics of the body in which it is implanted.

15 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.

Energy may be collected/harvested from radio frequency (“RF”) waves for use

20 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

25 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
produced 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

30 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.
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device has a plurality of antenna elements, each of the antenna elements having at

10 least 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 RF energy by the plurality of antenna

15  elements is determined by size, shape, layout and substrate characteristics of the
plurality of antenna elements, the connectivity, and coupling of one or more rectifiers
to the plurality of antenna elements.

In another embodiment, a system for selective radio frequency (RF) reception
has a periodic or aperiodic antenna array with a plurality of first antenna elements.

20 Electrical conductors provide connectivity to each of the first and second sets of
antenna elements such that selective polarized reception of RF energy by the
aperiodic antenna array is determined by orientation and feed points of the antenna
elements, the connectivity, and coupling of one or more rectifiers to each antenna
element,

25 In another embodiment, a system collects and conditions variable DC
electrical power from at least one source. The system includes conditioning
electronics for converting the variable DC electrical power to storable DC power, the
conditioning electronics presenting a positive impedance to the at least one source,
and a storage device for storing the storable DC power.

30 In another embodiment, a system collects/harvests energy from radio
frequency (RF)/microwave/millimeter-wave power. The system includes a receiving

device with at least one antenna and at least one rectifier, the receiving device
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18 DGuitable storage device; and conditioning the stored power to produce usable DC
power.

In another embodiment, a software product has instructions, stored on
computer-readable media, wherein the instructions, when executed by a computer,
perform steps for designing a system for collecting/harvesting energy from RF waves,

20  including steps of: interacting with rectenna design software to select desired rectenna
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 characteristics over designated incident power characteristics; and selecting

25  appropriate control approach and settings for maximum overall system efficiency over
given system characteristics.

In another embodiment, a method of designing a rectenna includes the steps
of: selecting element size of the rectenna based upon available area, incident radiation
power levels and operating frequency range; selecting element polarization based

30  upon the RF environment of operation; selecting rectenna material based upon

propagation medium and frequency range; selecting rectenna array shape and size

based upon required output power levels, available power storage, operational duty
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converter components and operating conditions for maximum efficiency based upon
25  selected 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 for designing a power source, including instructions for: interactively
interacting with power management design software to select optimum power source

configuration for overall combined power source and power management efficiency;
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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
rectifier to form at least two rectenna elements, where the power source converts the
25  RF power into a direct current (“DC”) power source output power. The DC
combining circuit is associated with the power source, and the DC combining circuit
is configured to dynamically combine the at least two rectenna elements in one of a
plurality of series/parallel configurations. The controlled impedance power controller
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 configured to present a positive
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conbi ni NG Chased upon the sensed characteristics, a DC-to-DC converter module and operating

mode; selecting parameters, based upon the sensed characteristics, such that a positive
20  equivalent resistive load is presented to the power source(s) at the input of the DC-to-
DC converter 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 (RF) power comprises at least two rectenna elements, a power
25  controller, and a DC combining circuit. The at least two rectenna 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 for a different polarization.
The DC combining circuit is associated with the at least two rectenna elements and
30  the 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
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series/ paral | el "Carft Fgdicathahidlustmias gertes cxeBMemaTcsss ﬁosdtstanmg@r ed
to control th&nRC conbining circuit to achieve a desired overall
power output fromthe at |east two recteana el enents, In

accor dance wi t h Fiact tﬁ@rﬂowb%tllastyat@gbwexmmtary aroness fudiegigniog b Systanh ng
, radio frqg%nlg%m%amw eld %\yetg& ganprising at |east two
rectenria elenents,” a power tro er and a DC combining circuit

conpri s¥s the sfé@-sl Ocshows ewmmpgryﬁﬂowladawamtof enactreohlanecnnd sast

two recten ggﬁ ermnlng whi ch one of a plurality of
seri es/ par EF?%f %P}?o%g “onfi gurations of the at |east two

rectertna el emeiG. Midhbws esedeinpiany modeisind edhyoviesfalrbct@aaer out put from



| a dynam cally reconfigure the connectivity of the at |east two
rectenna elements in one of a plurality of series/parallel
configurations; and storing the overall power output fromthe at

| east Iwo rectenna elenments in a storage device. Brief description of
the figures FIG | shows an exenpl ary enbodi ment of a power
col l ecting/ harvesting 15system that includes power sources and a
control led i rrped%lﬁ?eég shpwistap geengilary grapk Hivsisgingsinedwed #1d reqasured gutppt

shows one ex&nRlol% rRehhe Qf'dﬁcali'ﬂ aw%%&{o‘ﬁ‘o?‘ gg%ﬁt“rgﬁstﬁ{cé,%d aﬁllgiﬁé,’lﬁ?[@h ows

one exenpl ary aperiodic and non-uniforin enant array.

i || ust r at esg@rleHybizating simarajsd and upsasunes upit wolitasg obthp resteans ofFI6Y. 1D@s t o-

20DC ConverBﬁfnétionc%foutpuhg’sisé?éefs a flowchart illustrating one
exenpl ary process for “‘converting variable power DC power into usable

DC power? HGG13 ghoiws adldck dvaghear ilustiating bncatiemglagnBCpoweess f or

desi gni ng em.for collecting/harvest energy froma power

sour ce, 25%?@{%%‘8?1 gmgntf ro%%%lfl%pﬁf F‘Ef{slf‘ingf ?%gp%%%r' process for

desi gni ng a rectEand4 shows one Ele@plBy pplailfubteainp atebsurdd IS bu@dtl prgver of
anot her exeppl ar ess for designing a recterina, FIG 9 is
2 1 owchar t DGt fERONE ssrEstaerarian gl ol edalio fioeuiogiheisithay st am
for coli ect ifgtandonesichipthre AapiQilubtt By DOREp S P e&asd eBRIhEY ofl@e Shows

one exenpl ar.y bl iagram of one_exenpl ary rectenna and sensor
system € }/"Hﬁr‘?? ﬁh:Fﬁéa ?‘thﬂﬁﬁe%veéiééﬂiﬂrﬁ?t?mﬁﬁ&é}’ and a | ayout: of

a reetenna FIGHE shb#/s ShOWendhr £ KR! 18 /b DR Avdrict HStatiatle Ng
si MMt ed and neasured out(f)ut power of the rectenna of FIG 11 as a

function of TeR"% SitigHcenduaiomodsdémpar y graph illustrating
si mul ated and megEUIEH QK LRYEx MR E-ASE LR ol DMuck 808 Lo eREr ifkFeqd 11 as a

function of output resistance,
frequency discontinuous conduction mode (DCM).

15 FIG. 17 shows three exemplary waveforms illustrating operation of the
converter circuit of FIG. 15.
FIG. 18 shows one exemplary circuit for generating the gate driving signals
for the circuit of FIG. 15.
FIG. 19 shows two exemplary equations that define operation of the circuit of
20 FIG. 15,
FIG. 20 shows one exemplary two-stage adaptable switching-capacitor
topology of one embodiment.
Detailed description of the figures
FIG. 1 shows an embodiment of a power collecting system 100 that includes
25  power sources 102 and a controlled impedance, voltage or current power controller
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
30  embodiments as a power collecting system or a power harvesting system, it should be
understood that the systems, devices and methods described herein may be used for

either purpose.



PIG 13 shows a block diagramillustrati ngexenplary DC power
processing circuit for obtaining plus and mnus | 5V power, Ha
14 shows one exenplary graph illustrating neasured DC out put power of
the circuit of FIG | 3 against polarization angle of radiation

i ncident on the rectenna array and one exenplary graph illustrating
DC out put power and efficiency of the 10 circuit of FIG 13 agai nst
power received biowdieontdler Hiriailkveiiativelpshove witoerstorséoresealepicarls,
circuit forepaveldnsfing &vfcﬁqwméxﬁzg%' n@%vfc%l%neﬁgx stora e:je” 16

shows one exenplary circuit for a K- bbest converter

frequency didsdentOBnubusxarphdaeatienror puagcit®OVimay b6 Fit@nal 1 pshaws t hr ee
exenpl ary i)l i i.on .of. t n ter.cifcuit
of Pl 5, "PERgRE R ds s 3t LB A ERah L el D R B gt
circuit of FeGroptHereof. FIG 19 shows two exenplary equations that

define operation,of the circuit .of Fl. 5, HG 20..shows
exenpl aryabl e SVnVIE TR REAE R dpde ]tlgﬂ%eﬁ*rgéﬁ b%qrgyowgpg%cgea}cﬁgﬂﬁtcbet ai | ed
descri pti oncafveit beergyt feceiled B0 pSwaRo@BHODIL iR o siAtaple\&TstaatEd BEt | ng

- i ncl 2-" 102 I
i %Zg:;rgg t glg%r QY%a%?(%(s\giﬁp rlgﬁ ?Avc\%&\q%gi’;l}rqgn%?gy c%upl?n%ddeeicg ?P(;[ Irngy ln%?ude a

DC-to-DC voltage converter 116 that changes the DC voltage received from power

10 source 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

15  storage 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 sources 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 rectenna 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

25  elements in series and/or parallel for optimum operation. In particular, as power
levels, frequencies and polarizations of incident RF waves change, energy
management device 112 may reconfigure connectivity of the rectenna array to
improve energy collecting/harvesting efficiency.

Energy management device 112 may also receive information from powered

30  device 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



104. Power harvesting system 100 is illustratively shown powering a
power ed devi ce 106. Powered device 106 is, for exanple, a sensor

and/ or transcei ver device. Power source 102 may represent one or nore
of : a rectenna, a photovoltaic cell, a piezoelectric device or other
power collecting device. Al though described in various :30enbodi nents
as a power collecting systemor a power harvesting system it should
he under st 088Vi¢hhi2 maybepatigired togenirad ercrevmenypliradenivad L @lbased phed

herei n may ff@edH&ﬁ@ro‘}rPﬁov?éﬁédkh%QicQ‘l'éd?ose’ Power controller 104 is
illustratively shown wth energy storage device 108, energy coupling
device 110 and ehehgfolnwirgganmpies, geverseurtd 202 Emeprepyntsd by engeordevice
108 is for %%me t i o I nal _to
power cont rg Ierlegﬁ‘,vg‘geg’ o?%%\gn%?eﬁf) &g%?geﬂr){]%{d qe§%%%§é}£§8%@%g ﬁt%]rrlas_L04
wi t hout depahewmg from the scope hereof. Ener gy managenent

device 112 instu ener coupling deyice 110 to convert er gy
recei ved from pogl/tg zssgfl"ly%é]efé?gi’lﬁ‘iyg’eg°‘¥8??ﬂ %@Pﬂﬁﬁcgenfl%?mé‘[ﬁbage by
ener gy st or dystragginte shife pAcicattelindgleyhente 162 Gy a gRuMcdRgbsteiana. Bdh

may i ncl ude DC-t 0- DC val tage .converter 1,16, that changes the DC

vol t age _recé?a\%r& 4%% 6932\%@? a?i?é‘gﬁfp@g’ '%B‘fb%f%‘ﬂmﬁﬁé?ct?‘?‘aaggsui tabl e for
storage in enecehesitvalyd@geried 6&erkdBrray D60 Dot dhowPr\okit paB11GaRYIeH ! er
116 mayébepr esea%a? step-up voltage converter or a step down voltage

conver t érze B BELRFS PRIgHRS LERPECPBICHMIlY thaehi rRgtifisaeretyrut al ity
of di fferenkudsiRe sh@ctddstitQtetdmitR Il ABRuERY Ik Ghpd1idatidd 8f radio

sel ectively chosen to convert DC power received from power source 102
into a for miSEHeNghVaves srceiyedpurfatcpip amE2§) 15st or age 102. Ener gy
coupl i ng device Ai‘rth : ' ' : eonhy ni

circuit 114, which op@%%g%gn%\@ﬁe ?ﬁ%?g%%ng%l%gﬁﬁf B%ljggg ce
102 wher e miiow the ecopebrseof Idorecrs, additiopalavitdierspomerontest sarralsl bed

moedange Dot EaBiAalbat 1O L GANIT AR LN IRs Y | ude

one or nore swtches selette device 112 to
confi gure connecFiGBtsioved ommekemplhey apenelic sdunoesififPrecteona @xgriohe,

wher e power ce 102 is a,rec ar.ray. .g., rectenn ray 200,
Fla o) ot hat e Gard e kR ST B RhiE e Bl LG SRER B

feI erren';] S Zomtﬁnxtg&Ithmmmngeﬁ&ﬁi(ﬁeCMta%rﬁf é&btigﬁ& 1b. neessdied powerI
romthe aperjodic r enna, ener.gy. nanagenent vice 112 y contro
DC conbi ni n5°°t°F%ﬂTatYe3i’§&ﬂPga%Pﬁ*? @ny ’@ﬁ’i‘f&oﬁggiié‘?‘fﬁ ¥z I9raed prps
and/ or par akitefratt 004; apfchiLERHREBEAS hBR redtificPRIT thEdoRhing ATedRAWE R 14.

| evel s, freggenC| es_and pol ari zations of incident RE waves change,

ener gy managEHEHE 4éii Celsaiongeivisg s Gerengorivee of adisyremicrre
recterma ar faaye,afd t¥RARY B 460 B8 ?c!r'ré‘ééh»’iﬁ'gg/aﬁ‘iﬂrfx‘é]ﬁéén'c? Q{aeésfdff‘als%ﬁa,

Ener gy managenent device 112 may al so receive infornmation from
power ed 30d&FIUEECYIIDBES Il AU theiagerendiclang nohanifprmuiectansay\iep may receive

requirement 540f RAWRYSHhvIEVIEE bdR8he first frequency range and the second frequency
25  range.

Additional or different rectennas 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 be determined by the size, layout and type of
each antenna element, and/or the connectivity of each rectifier thereto.

30 Although not shown in FIGs. 2 and 3, connectivity of rectennas 208 within
periodic rectenna array 200 and connectivity of rectennas 312 and 314 within

aperiodic rectenna array 300 may be based upon, for example, radio frequency waves

10



This information is used by energy managenent device 112 to optinmally
configure energy coupling device 110. Thus, in an exenplary

enbodi nent, energy nanagenent device 112 may be configured to cannot
energy coupling device 110 based on feedback from powered device 106,
In the foll owi ng exanpl es, power source 102 is represented by one or
nore rectennai s However, other power sources may al so be used in

pl ace of t héndidsat dnmhgedemownay and the deFir@ poves iswst of e rectamp lagnay. For

periodi ¢ an i r L: i i guar e
Pt Ch it o xHE ML KB b MecRR sl SRR B0 RRAELNT S
el ement 202 strizs/parallécbinbinetidacher eby forming a rectennu 208,

| nt ereonnecti vit f riedi.c r t.entiai s .nocl.arityALS 1QSi ze
L cach ant emns drSbaREE WIGNE lefifiol GEB) B Rlioh Yo PRt ang
substrat é clizqaeterahgd indpodet leveld reecitdigisfatse dupmnemt foasffiepol @erzhiodn

of radio fr uenc% waves received by reetenna array 200. Array 200
may be for me*WtH W' & hate antenna designs without departing from

the scope her eof MuMple@yiedic onslhibiioNaifofe 61 hdnh8ki SrifBYct&MRAREYSs By
parall el or _series to rectifiers 206, also w tho§t departing fromthe

scope her eof® used to colieptiarvgstdfignersynEoreX dRpIE-AUPUA Bar teg iPeriogigrectenna

non- uni f or MukAB! @kh AR di B¥reQ et Bnal Yedh RALES, ABE RRKRANG TR NS 0802
of a first size forned on a substrate 304, each antenna el enent 302

havi ng a0r e€tferanefreaygreytranges prf/er nokieielinng) Bavbe opdingd dorceediamas ayr ay
300 al 50 hagooRad fikhealtot bRl S oSREARLGRLER;. h] Med on

20 substrate 304; antenna el enent 308 has a rectifier 310 thus
formng a rect exfraecsnga arrReEige perodid Roiesnagesly gAed1Bo?) maypddotieng radi o
frequency | 314 i S
e G B e
range, Thusdetermaneapiet patgittovoitngk aforvtanna fioaym00de toeigh @toelpw3ergmy

recei ve,adi A s wthin both t first ue range
and t helgec%‘%{éj g? &gél%%‘g%@gﬁgay instruct ket ‘foé'ﬁﬁ'fg (i)ely 1°5i13§<ﬁ%9£f}%/
rectertnas ocewediity nfieadedh antaly 200 (ag. y @ihg300 conthiginizcaauienicly to ddgrsand

TR TECNA R AT I TR N M R,
type of components (e.g., MOSFETs, BJT, IGBT, relays, etc.) that allow dynamic
configuration of connectivity to power source 102.

20 Furthermore, if energy management device 112 determines that output power
of the rectenna array is too high or too low, energy management device 112 may
instruct energy coupling device 110 to reconfigure antenna elements of rectenna array
200 into parallel and/or serial connectivity combinations, thereby reducing or
increasing output voltage and/or current.

25 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
or 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 connected 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

11



each antenna el enent, and/or the connectivity of each rectifier

t hereto. 30Al t hough not shown in RRs. 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 nay be
based upon, for exanple, radio frequency waves incident at each
recteaa array and the desired power output of the ecleigna array. Fe
exanpl e, reéW@mﬁmgWQOQHﬁan@@uwmhmnﬁteﬂmwnﬂgun¢sﬁmmaehaw&&h&Wpror any
suitabl e sepjg f conbi nation, Selection of a suitable,
rectifier topology ané reeti icy range: and power |levels received, is
al so i nportant fQenitmilad irgredarice pheseconeclice ddvmay malnds ond\d:lnnorplsensors

periodic or i ¢ n-uni rectenna be use

col | ect/ har 3@‘2&;{?&(3 ERET Gy omf'—’%"f oI ATRBTtr chatap aﬁﬂ%%? Pg‘?}i;‘ft\%wﬁ‘é?‘} i oéher

E ect ennas aL paympt_emadhué) a}vameﬁhpfaf'}eaﬂmdnnait Zcmlsfy@remtle corigeled N® BénSe éh/e
i,c., each receivin waves qf erent fintiency ranges and/ or

pol ari zat | of? slf ine(’ﬁ"ﬁ%@ﬂé’aeq W"ul’fa H{ﬁgﬁ DGR ‘86‘?{?9 8 ating

i npedance (omtdgeanmmenpmmwwkoxm@ranamd@dt BlirrehP4nd Volltee 35 the

A :antenna arr%y éwtg @PI odic rectema array 200, FIG 2) may al so
be reconfi gif¥dd ’Q*”B‘g spitedled rapedascamaiver controliss iy fyhersRafereht
devi ce 312tﬂﬁbﬁfﬁl&%@ns’%@ﬁiraﬁ%ﬂuind\wbﬁe@&?a95s1ﬁ\?e‘%rquﬁ§leﬁtrr5§§hv%qpadt§

too hi gh ex too | ow, energy 5management devi ce 2 may instruct

ener gy &Bupfl}eri’ﬁwe’b?é\‘}?cé@) hased e thrpsanenitosesinesed Wﬁtﬂyte@f recterma array
200 (e. 9. US| NOTi¥roGOihl o thaGot Abidned Ifbh R REGHIRPREM Mo bPfifofiRS e

out put voI tage. DC conbinin rcult or exdanpl e contai ns

swi t ching ceéwpBnélmensargrommpgiEs; revificaVBT, Furdkmyss, iethouli behat

al | ow dyna IQyr Q

Furt her yor o I FARU A Laltnol (RRREGH Wrist § L MR RO RS i
power of t hérst @&tlﬁ@’rmld aawma@antaniamﬂegratgdhwuh atsentl oxtifiendn ggother

manage t |ns ruc ener cou devi. e 10

r econf Fggre an @ﬁﬁé% g?’rén §°elmefl é’?aé'r@ﬁlén%\er*}%Vligfﬁm}nﬁt‘ e%ﬁ‘}eé“i‘%‘l
and/ or ser i &tst eaimeenidirvdtifigrsodndd erah retifier it baifighyed faedidtifagntor

i ncreasing Q voI tage and/or current. Connectivity of one or nore
rectenna ar P%’p for exanple, be based upon one or nore of

out put vol t ages, Tlamem aGedr@antcé witB bk 8@8npl&heimbodinkMUA bossiVelegiivaleQUt put
current and outgﬁgﬁfov\er of one or more antenna el enents, in ot her

exenpl ary eff564 Prespredig RISy Fayesly This ins g fieatly g ffrapnt
fact or s2guckol@sontthe thatchoyel 8ViEk phi &AF 1l IR ldiwd%\’)@ern a CELOMIRE fRfpower

antenna el enents producing sinilar currents may be
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
(MPPT) are well known in the higher power photovoltaic and wind power systems.
Some prior art MPPT systems include: perturbation and observation method,

25  incremental conductance method, power-feedback control, and fuzzy 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, energy is

30  collected/harvested near maximum output from low power sources (by way of non
limiting example 1 mW to 100 pW range) by loading the power sources with a

constant resistance. Any simple circuit configured to load the power source with a

12



30 connected in series, whereas groups of antenna el enents producing
simlar voltages may be commeted in parallel. Operating paraneters of
the power controller 104 may al so be. based upon one or nore of

out put voltages, open circuit voltage, short circuit current, output

current and out put power of one or nore antenna el ements andi or ot her
power sources, Controlled inpedance power controller 104 may incl ude

one or nobre sensors time circuits configured to nonitor
char act eri sihganPlesisARM mPPYELse@NH! fex Pﬁ{?' RIS ahow veride &N
exenpl ary enbodi nent, the systemis coﬁ? gured to sense the foll ow ng

par anet er ( s yenfgnredpe actas p cofstany phsittgassidashot s iopwigoitiwhdlgrtraaterrimgn
operating v out put
curront - and i RP DAY bR Rlor Sl ollf BRBHe S THEOFKR: s RG4S

i npedance peopgicaidontThelcbevertesmbtshdshies somemfchgractiedstico ovmnivide rdnpe of
sensed: paraneters, and.to present .a positive equjval ent. resistive
oad 15 10t PPty 2eotpeafsoties Bistanit et B S cbilagver
paranmet er s. pdine Me®} @ NBRnA BN WRYp R Gﬁ%_ﬂ&quoib%i& dnd@bnths DPMREes
fromtwo or nore antenna el enents are conbi ned betore rectification,

Fur t her mor e ™2y e 8f8P achieveiihrieqas tesister emutationet thebpsimva el ement s may

conprise a first } i ] N a
seggnd ant enna i%?gjg?g?%( %%ﬁ@)@éﬁ)‘%&pc}sgs(t:{riep@e%n?ﬁﬁ%t%#@Ph@é@
enmbodi ment , (WiNwuMwtdnt feedhack) ieclirdm bsosriype compriesen aritsiahgirduatidrennde

i ntegrated wi ' co rectifiers.where each rectifigr is
conf ?gﬁr ed &’?ﬁél“!‘o‘? %le(?[’gg?ﬁ%& c&?‘?ﬁﬁ 18&,‘“9‘%3’%‘?“5 ‘ng CSISP&(%!E (—.d) an
exenpl ary eTheMienbavetepasiyt bopettddadhtiioistylpathiledpicieied to the
power source(s This_ is . a_ sl r](l{)l cantly different Zgé%utl on _t han
that enpl oy&tf H]Pftfw’iﬂzms%tha:bgc, -PRoshepavateRapera e et hErery O ¢
power nanagessns fbAin¥ahit abWBBY D MlAE o RSt Sutght \a@ais tyghge

of operating conditions. Many techniques to do so by way of maximm
power poi nt SWitddripHgreniaoPTAnether syemplagnionploknistaeickibghs copsmer in

phot oyel t ai M . v i O, f ens

i ncl uic?e): pe?ﬁ?%aﬁ‘@gn%\gﬁ%g?@%‘g@ %ﬁ‘gﬁgﬁﬁw Aﬂglﬁlélrcérxgﬁlgﬁ?%%ﬁogy .
conduct ancea hesshozhvepowpefeddb BERV comt CRM, /fanchet examladyogpiotogylibase
approaches haye their dr a ticularly when used in ‘
conj unct i ongl%%tcﬁweé{eé??@%mc$§56% e Lilﬁ&ﬁ%%@&?? @ Genvertsr apdmodafay |
these appr ogefebn@kh@ids 68 ib dheradieRttdh aROWRTatiONEMIBAEhWHIBoliBe &QITDI exX
control circui t% In contrast, in an exenplary enbodi nent of the

present i nvBRIOTI8 ardoiren ecEtal Hacvadtbdar vsacomaripianPBihcput from
| ow I SQIHERS ool Wi¥uifl,. BRG: &és%&?ﬁ@d&ﬁm% ckpbdhiLh 9%31991 L AV

ranee) by | oading the power” sources a constant resistance. Any
si npl e ci r cResigonEinglatied Apprdaciath Ldve PpoweR F Socrpg élandsting’, T. Paing,

J. Shin, R. Zane, Z. Popovic, IEEE Transactions on Power Electronics, accepted for

publication November 8, 2007, to be published in May 2008 issue, incorporated

herein by reference.

25 Thus, the system may comprise a controlled impedance power controller

comprising for example a first type of DC to DC converter selected from the group of:
a four-switch buck-boost converter, a two-switch buck-boost converter, a boost
converter, a buck converter, and a switched capacitor converter.
Furthermore, in an exemplary embodiment, the system may comprise a
30 controlled impedance power controller comprising one of (a) an isolated step up,

down, or up/down converter and (b) a non-isolated step up, down or up/down
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constant r configure x tnplary enbodinent,r i stance at its input
port while transferring energy to an output capacitor or battery at
vol t ages appropriate for the sensor |oad application, 'The converter
mat ehos the source characteristics ever a wi de range of and
t hus does not need to constantly search for the maxi num power point.
Many different well known power converter topol ogies and control

appr oaches mefPPhatensdy ainthgstsp apadoieor yadlpwpseietter cosaises 4t dppstanetdie

i nput port. Bye wa¥wilz p%mmn%enaagg ég%set,_fu%xf-sggﬁwacﬁ@méi 2 @l

the input port (wthout Oient fe i ncl ude:” boost’ type’ convert=
in critical condupﬁdhglqm@g,)ﬂganjegg e@q_%jlgéhglf}%cgggéﬁ mtayggnm@yerter s in
us

di sconti nuous conducti on node ( , s, the converters may be
oper at ed contPHIYESIpPedincs RpwsuTos el HeRfEtingifeons QARG oeht Bgyl i s

the buckrboogk) GREMRLHRCoRRETA oAGarddTyy 8k EéRauBRE¥dDPM Ui PGsed
floatihg i npli1t>q vol t age source to allew.ibr nonsi nverted output and

[ r
t two switch PIPApFEFRIME SRIFERON R Frhw F ORGP G PE
?g K/) boost ﬁQ:BMﬁillEn%ileEtﬁla ma:rtbajlaj ®nidHOHENGYne 6§e&ﬂtﬁ§hma@mbm&deqndnode
. Anot hey .exenpl.ary. topol ogy js.a hoost convertor operated in
DCM or in CRIQ%S.WWHE‘P&@%' I%‘%’hﬁﬁ'&ﬁ% POYSIFOWGER: convert er
operated in DCM oh wiRM sppReaiseihes sy afilable caivveneid @pgtismdedeaahay
operation de%gndeg oap t he charaeter.i tions in.the power
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o] boage R G sarv s R o 8 bt Saisfdih RS BX

coercéland enérgy &
consunpti on byanhdveuicblveri¢tvepovwomniurak. ci rcuitry. Such design

consi derations ar X0 n.in.. i L roach to
Low Power RE Energrglﬁ]-éf vwbaglﬁ ﬁ%gﬁ& : &“ﬁ%ﬁ’@‘%ﬂgﬁ%ﬁﬁ{s %gﬁgé?g e
Eopovi ¢, | EEHesiedmgadinconsno o iRowerwEbaetes (d.goweaosept @dFion,

Fncor por at od T o g a0, 118, £ pPehicolnd aibacs HEH) 347,
contr &Pl ed i BpEandeC ewmptarsypieply émplenent Swversyisastot [BONE:Es DU t er
sel ected fromedfiBesHeAMPhcObles@RAYSHE Ghut (RwBHGHEQMMuced, thereby further
loading the input source, Controlled imipedance power controller 104, on the other
hand, maintains resistance presented fo the input source at a substantially constant
level, even as input power levels vary. The controlled impedance may also be varied
20 based on sensed conditions of the power source to emulate a desired impedance, input
voltage or input current in order to improve the energy collecting/harvesting
efficiency, for example by emulating a positive equivalent resistive load where
resistance presented to the source increases as input power decreases. In accordance
25 with an exemplary embodiment: (1) said positive equivalent resistive load is tuned to
approximately match the low frequency output impedance of the power source(s);
and/or (2) said positive equivalent resistive load is tuned {o approximately maximize
the output power of the power source(s). In accordance with another exemplary
embodiment, the positive equivalent resistive load corresponds to an optimal load
30 resistance of the power source(s) over a range of input power levels.

Selection of circuitry for power controller 104 depends on the desired
application, Where high efficiency of energy collecting/harvesting is required,
additional circuitry may be included to sense characteristics of the input power,
whereas if the power source provides ample power, high efficiency may not be

necessary, allowing simplified circuitry to be used.
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ar, a two-swftch buck-boost converter, a boost d a swi tched capacitor
converter. Furthernore, in an exenplary enbodi nent, the system may
co. 30controlled i npedance power controller conprising one of (a) an
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collecting/harvesting efficiency. For example, energy can be transferred to the DC

15 output of a rectenna for improved biasing, resulting in improved energy
collecting/harvesting 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-to-DC converters

20 404 and an optional DC combining circuit 406. DC combining circuit 406 may
represent DC combining circuit 114, 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 buck-boost
converter, a boost converter operating in critical-conduction mode, a buck converter

25  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 112 may select an alternate DC-to-DC converter as needed.

30 Where input power conditions vary, energy management device 112 may
change 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
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based on sensed conditions of the power source to enulate a desired
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be usedéﬁs i nput to conbining circuit 114 and power controller 104,

Power cont r §7vester paplulegpd P%#IWH&W%%WCW@%quydh@epfﬁéﬁaﬁaﬁpm@s
dependi ng Of Rus@NSE JartBRUYowePBEA I iSh) S&reﬁéﬁ%ﬁé f&%{%&gg@dr&gﬁmE

requirements in order to inprove energy I'ect | ngl harvestin
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%}ilarvestmg 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

20  appropriate 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

25 upon 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
rectenna material based upon propagation medium and frequency range (step 706).
Also, process 700 may select a shape and size for the rectenna array based upon

30  required output power levels, available power storage, operational duty cycles and

available space (step 708). Process 700 may also select a number of elements
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to one or nore power SOWee 102 outputs in order to increase the
overal | energy collectingl harvesting efficiency. For exanple, energy
can be transferred to the DC 15output of a w den:ea for inproved

bi asing, resulting in inproved energy collectingl harvesting
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approach and settings for maximum overall system efficiency over given system

characteristics (step 908).
30 FIG. 10 shows a block diagram of one exemplary rectenna and sensor system
1000. In particular, system 1000 has a rectenna array 1002, DC power processing

1004, sensor query electronics 1006, information processing 1008 and a piezoelectric
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20appropriate converter topology (step 604), Process 600 may al so
sel ect the converter conponents and operating conditions (step 606),
Al so, process 600 nmay sel ect the appropriate control approach and
settings (step 608). FIG 7 is a flowhart illustrating one
process 700 for designing a rectenna. In an exenplary enbodi nent,
process 700 selects the el enent size of the rectenna based 25upon
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a flowchart ustrating ano er ex ary process or desi gni ng
rectenna. In “&l@ddﬁél Eﬁmewrlghnmt@ﬂé%pmw;ﬂeenm imgetiancp focessitB0dilteny
use power n so t| vel el ect an
opti mum rect S8 Fespr dRPhe Paf ey Sbelient oBRR LiEs L PE e

po;/ver wrgnagemaﬁumf dmemﬁa%l)ste@tgto%@ﬂd theIBCIOpm 188 0cumyd mgm ze the
sel ected rectenna _gir ased_upon application t 4), In
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t opol ogy base%w&afm%%&%bu&teeRmﬁllmglwlws b $RBoB8Bdutphll SO,

process 800 10may sol ve antenna topol ogy based upon opti mzed
rectifier ciFesisEnes, anpan exdmpdiry arphilag dbmratmrmulwﬂ apbmsasurelalipdnd

frequency us ns (step 808
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si mul ati ons ste rocess .800 sel ec | ned
alnt ennaI 15anémF%3{nﬁfo pit %ﬁ&g‘g}ﬁ?ﬁéﬁ Vs ynIngs; HHGRIVE( "%W@‘éct

an_appr opr i apewEed fendandld 8y af oy ateabhRn 108 e, 8l 4bt siwa0, Pprocess
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rectenna array and orne exemplary graph 1450 illustrating DC output power and
efficiency of circuit 1300 against received power by the rectenna array.
FIG. 15 shows one exemplary circuit 1500 for a boost converter in variable
frequency critical conduction mode (CRM). FIG. 16 shows one exemplary circuit
25 1600 for a buck-boost converter in fixed frequency discontinuous conduction mode
(DCM). Note that in both circuits 1500 and 1600, a two-switch implementation is
possible due to the floating input power source. The converter circuits 1500, 1600
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 FIG. 17,
30 In another exemplary embodiment, the same concept could be implemented with

a square wave waveform.

In particular, waveform 1700 of FIG. 17 shows inductor current under steady-
state operation of circuit 1500, FIG. 15. In a first transition of circuit 1500, transistor

Qy is turned on and Q; is turned off during t,,, and thus the inductor current ramps up
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20 col l ecting/ harvesting energy from power sources, |In accordance

wi th an exenpl ary enbodi nent, process 900 interacts wi th power source
design software to select one or nore desired power sources for
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FIG. 18.

The voltage, Vs, 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.

25  Detection of a zero-crossing by the comparator triggers a pulse, from a one-shot
circuit, with width t,,. This pulse is passed through two OR-gates and then to circuit
1500 as gate, and gate,. A second input into the gate, OR-gate is a signal from a low
frequency oscillator that is logic high after kTyr. This ensures that both Q, and Q; are
off after that point. The low frequency oscillator operating at period, Ty, also provides

30  the same signal to power off the comparator and one-shot circuitry when the converter
1s not in operation for reduced control power loss and to power them back on

afterwards.
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of ciimlt 1300 against received power by the rectenna way.

5 shows one exenplary circuit 1300 for a boost converter in variable
frequency critical conduction node (CAW FIG 16 shows one exenpl ar
circuit 251600 thr a buck-boost converter in fixed frequency
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maxi m zes efergiimonlingedancmgibd i /@statiog at lower power levdlnisaiesivad] these500,

t he i nput vogliage sour LS _shown as Vg,,and the output energy 1013
stored in a%&&étﬁ%ralg%?ngf’gbﬁ%cﬁ"@P’gﬁé‘ﬂﬁe@ﬂgﬁd'as a capacitor or

m cro-battery. Theéorualpbagesdnsereersensey fov fdwd sadlshyvalosampdentydie t 0

find a ro,Crossi of the |nductor. current ionally, the open

Gl ot t 9ol ISR pesPEe FuTRys PR S ORRASTE te SEOSTEREy THSES uoad by
addi tional Usithtiodk afdrE@EVIdLY dePelbpifdla tdh6f BRGFAA RgvdriRRUbLr Bigner | evel
and set k. The, gate drivin ignals, gate" _and gate, are essentially

Si ;
the same si §HAISTNER 8YIrelleORYBITeSIng 4SipRHEt BE PIgessninE@picKFBRIATY

conduction Biﬁg&}immy\tﬁié%qcemg Pasdi by ﬁlllsfnﬂ)l'ét_eﬁ @ﬁi@&@&ﬁ-ﬁﬁul@ﬁﬁi@ f
alter kTIf; thus gate n is a low voltage signal and gatep is a high

vol tage si giah 2 thisk war wotableerifprpoductareiansia ipeh repistivigrsubsiisée Thor s.
Di ode (o mﬁﬁrﬁ%y‘éﬁﬁﬁéd%@s RS BACOE & P@P@{cj)géésiﬁ% 29RicEd &{/i‘&?%c thus

enabling start-up N Zero energy. ntrof circurt r this
' boost convesreaiangasnehial ers uphe 190 tenarlowérigpndo sitgditibsal (M OB kilithre zer o

crossing p Oblj&esg).fSuEﬂ ?ovs} Pa(iléjs%c% rfac‘flﬂatre ?nn grh e 1061161{[09 %p ggtgo%[rg\;e%rf \:rergl ?dw

power levels and frequencies as high as hundreds of kHz (allowing small component

sizes), In accordance with an exemplary embodiment, an integrated power converter
25  ICmay be constructed with single and two-stage switched capacitor (SC) circuits,
which have high efficiency at very low 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 (S;-S11) and external control logic (e.g.,
30 controller 2002) may be used to determine the switching configuration. Topology
2000 generates eight distinct power conversion ratios from the input voltage (Vi) to

the output voltage (Vou) for ratios from one third to three. The external control chip

20



Tif., and k. This is for exanple achieved with the exenplary circuit

1800 shown in FIG 18. The voltage, V." fromthe power stage is
the positive input into a conparator with the negative input tied to
ground. V',., is a negative voltage nost of the tine. 25Detection of

a zero-crossing by the conparator triggers a pulse, froma one-shot
circuit, with width ton. This pulse is passed through two OR-gates
and t hen t o addptiecly hdjitGOMe asitghigraquand aghtop@ogyXosentomdusingdtaci nt o t he

gatep OR-gate is a signal fram.a |ow freguency, oscjl . that is
Pog 6 bt gn Rk B Lfadi fried SRRy Rl R bk o,
tlhat poi nt atthgghtgw chpaRae0g, yage?.s@ thé aitput cqneitf c&tr\l/bhgeailildset}ie@dnv&teh

al so provides t sape sjgnal ta power. o .he rator .an

one- shot ci FWF‘E%?MQPHB’%{?BM?‘P qumﬁ{]lpac{nixg gﬁﬁ%f oo qngﬁn duced
control powefiicledss and to power them back on afterwards, As

can be seen fromequation 1950, FIG 19, in an QC g}ﬁns)ﬁ,tgré enbaodi ment ,
if the boost convEmgeymypeBIdedn theabevsaRiiRady and fyatems fithor B dePHLng ance

Riats is onlydepeBeeiteN iR IS Be Kotdd thdthhSmetdRbithin@Binttheateopt 1 Ol
circuitry since only the zero crossing detectin arator and the

co
one- shot ~ ar éesgggiipn okighgaxnain ther dsecrepagying drw@who“?%bm cgspied Atious! y,
even at | ow;j : n hikb: ﬁpgg' nt ,
i npl enent at fliélﬁlp% etgﬁ%\&ftg\l/v ’r"qugﬁ’%g' ‘gﬁet fﬁﬂn@%@@h@ﬁﬁﬁgﬁ&g&f o} g ows
sone of 19 hegoierie aid spycifio fdaturgsalpesribed ldréincas weilme sl] steiepentid phidie serpetoé
i nput power I 0..EXE i , wer
t racki ng coﬂ!rrﬁﬁ%%ﬁtgmﬁﬁﬁtahg%&ngﬁ 20 cl)1 h%sr%ﬁ%'tge? stggrr% glué’?ﬁgﬁtgﬁgﬁﬂlé? ?aglui t
vol t age, Votheredfettdee. i nput source when the converter is not in
operation. These conponents may al so sanple the short circuit cunent,
|,. These val ues maybe used to adjust k orton and thus change
12,8,,,,taied to he the opti mum i npedance |oad. If operation at | ower
power levels is desired, these additional control blocks may be
i npl enented. Prior art power converters for very | ow power |evels
have | ow efficiency due 15to parasitic | eakage currents and parasitic
capacitance to the substrate. These limtations are renoved by
devel oping a set of integrated converters for high efficiency energy
col | ecting/ harvestingg an Rl process. In an exenplary enbodi nent,
this process is based on fully-depicted silicon-on-insulator (FD SQ)
with a thick upper netal layer for inductors and a high resistivity
substrate. The 20primary advantages in this process for power
processing are reduced parasitic
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capaci tances, which are up to 1000 tinmes lower than in a traditional
CMOS silicon process. Such |low porosities facilitate high efficiency
operation, oven at very |low power |evels and frequencies as high as
hundreds of Idiz (allowi ng snmall conponent sizes). In accordance with
an exenpl ary enbodi nent, an integrated power converter 25 I C may be
constructed with single and two-stage swi tched capacitor (SC)
circuits, which have high efficiency at very ; ow power |evels since
parasiti cCEAPMS t ance is snall. FIG 20 shows one exenplary

t wo- st age SC topol ogy 2000. On-chip buffers may be provided for each
of the switches (SE-Sii) and external control logic (e.qg.,

30control | er 2002) Asystdpefon bedrestmgaatie fmiuracy ERFSWewdri engnprising:
configuration. Topol o 2000 . ene&a% es ei g‘g’% ditst idnctec H&Be
conversion rat POETFPBIE I REPIRGE WSF ERGEA RS B ha ST FHEDR elemgat

(VOut) f owhdréihieash &f M0 ARLartd¥etshd Midhb @Bmehbierrexdupldia ot bt Gle @biifier
adaptively adjusts the switching frequency and topol g

gy .to :
cont i nuou8Ifgma 2t leagt twaasqteARMClEREES, FHORPUEY SOFRSFOPEE B R Bymoper into a
storing t Sy t he out put capacitor
(Cs, "ge) .aﬁpﬁﬁgﬁgﬁ%?ﬁ%‘gﬁgéﬁg%r%gﬁggg’ buil ds, the converter
sequences t hracwgholiesiiolpedrnes powenmantmoléir sowptisingl | oadi ng of the
rectensa and high efficiency. . Changes_nay, be e 1Nl bove.
ot hods and. syseend RVEh U e B TE m Pre <L ERTE R AR kv
shoul d t huhl b€ poRtedutdautpubgowdiat e4id pontBoneettdrmpung above
description or shown in the acconpanying draw ngs should be . i
interpreted as il | JEIFeAR PR} PAWET FRAVERLST 1§ CPE‘&'{‘?‘}%@ RENELa PefiEive equivalent
fol I owi nqeﬁétﬁ'eﬁ@ad%gaiugb%%%ée%vepy%g@bf ingGRFles 138M; sReci fic
features described heréin, as well as all statenents of the scope of
t he present nechody algsyistiesrponiigueid,to awreasamhDCarowst soupRIdpe, Pomeght
be said to fall there between, CLAI M 1. A systemfor
harvesting radio frequency ("RF") power, conprising: a power
source conpri2gsi ng ThtisygémdMcRMAA, &IherEin thealE pawseis and oinh&n@ave power,
el enent , erein each of said first and second antenna.el ements are
coupl ed tylHRCtPTINRYC RATEST I8EATIPOSF: 208 WiITSIGHS Siengls pro for pPsGpther than
el ement s 58kt RRWSEeROUr Ce converting the RF power into a direct
current {p'DC') power source output power; a controlled inpedance
power controller conprising: a power convener having a
power converter inpyt and configured to receive sai source .
oW ng power &t sai 68?;%?’“88%&9%?"%?8&?} Fow B C%\Rﬁ%\ré%li (Fa8mg of
power cowerduglr drthogeili UhdaedpblaripdtRae Rleneni)Sivheneth aguh valtkdfonal linear
resistive J|oad to said_ power source qver a angcle oL inpﬁt.g%?wer L
| evel s; RAETEHIBAsEGNt dpy Ablgest @é?i“i?é‘flé’éﬁpflé{i)(‘@& PHIEOBPECIEHH 4 Pptarization

Eﬁwe I SOUfeGfnRULRMEIPQWRE brthogonal ci&ulaT?&a?Mﬁﬂ@lé}Bmﬁ had 19 1dast WhelEdifer.

e RF power 1S one of mcrowave powe

4. The system of claim 1, wherein said power source device comprises a
plurality of elements, wherein the plurality of elements is configured as a periodic or

aperiodic array.
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mllinmeter-wave power, radar power, and wreless signals produced for

pur poses ot her than powering the system 3. The systemof claim
I, wherein said power source conptises at |east one of (a) dual
orthogonal |inear polarization el enents, wherein each orthogonal

linear polarization elenment has at | east one rectifier; and (b) dual
ort hogonal circular polarization el enents, wherein each orthogonal
circular polarization elenent has at | east one rectifier. The
system of cl aPm el eRensxstenyiof elagnnl, tisher ggommsisiggi @ plSHEMIS eiyige powered
device compli SeScdagd de%c%n@%]rém sﬁld%(}&%ag WeBGorRS dd iRk sQ8LEd Bbm the grou
aperiodi e array aim conprisitig an electréni ¢
devi ce poméraeniedlcairdesme dorshmlagentdet/bnam,, avvnerheal nlegiae doredtdamizinto a spinal
el ectronic eV| I sel %%rt ed frog t he (gr ou eﬁlcalaéevdcev ce for
Cpl ant 1 RS S RieviEe forseasipe glgt a rﬂﬁnsﬁt 2 R Shigf Sensing
cord, a rreldetﬁfehcsi;ﬁwbgﬁn{ @1@11@@”5'115&11&1 Qelicoqar dbmigasesi@nalgtam Signals, a
medi caI devi ce for sensing el ectroencephal o?r am sj gnal s, Ellgcgipdl cal

devi ce fofedistisleriige Sl Hy®acashlen gmadical devigrdior srrsighleqd sugar levels,
i mpl ant i Qtlﬁe a‘i: Qﬁbfc@afor ARAL AL Ay &ﬁmfl for> %ﬂséﬁlagromgﬁltaﬁ 'ﬁgﬁfrd sensor,
| evels, a ne device for nerve and ul &r simul ation,

envir onrreimda-‘omﬂaa_mi dosmrsal , sehsvady shd | daivicen dorc bwibding iaaf %@ﬂ@m soumd and
devi ces for il di E@F% faeSt ructure co troI and, aut onat 'r?f? dec“ tical

area sens ‘ft%m%éélsl EHREIS0 G Ry 8‘35‘010? rLVAFY AR SEVIoRy PRidne

devi ces, sai®b)| idi@lideddveRs, refAll aivirogMvhi OANER] fikevdses, arldi de/iseNs@sity
and devices, security sensors and devices, and a power source seal ed

Wi t hi n anSC8RRFP pshiRv#ics, and a powgr soppge sgyled @’hﬁhﬁ\‘an(:‘fnéﬂrf’?mellr n said power
converter is nmurthe:r configured to present a. positive equival ent
resistive load to said. power source that coitespons to optinmal |oad
resi st ance of6 t he SBietsystem,of claim 1, wherein saldrprevfgwgn‘eqﬁeofs forth¢rreonfigured to

wh 1 d
ot enst henbA TRk AR AEH ESickT SOR bRAC RehE: LA R BRI '

i nprove adptﬁ{hﬂilcguyl rbstMRS b g sefifck.ci ency. 8. A system for converting
direct current (DC) power received fromat |east one power source,

the system conprising: a controlled inucdance power controller,
sai dl.c |ied 4 npedafge Rewesr GARE I OVh&Ein said energy storage device is configured to

transfer DC power to at least one of an output of said two rectenna 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 impedance power controller, said controlled impedance power controller
comprising:

a power converter having a power converter input and configured to receive DC
power at said power converter input, wherein said 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; and

a storage device for storing converted power from the at least one power source.
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conpnsrng: 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

equi val ent resistive load to the at | east one power source over it
range of input power |evels; and a storage device for storing
converted power fromthe at |east one power 9. Th.e system of
claim8, whergin saﬁ% power converter jis further config red to

present a positive g§ivyenabclapas; whergw spiddewepcuegerd °g epfggured to
that _corrgspandSok@ivarq@RhliPlesis@a 128 5b ShRANGAV @ TsohR8 BRWERsponds to an
10. The system of claim9, wherein said controlled inpedance power
cont r ol | ePPtipl {asd resistanse pEds sewrcener gy nanagenent devi ce for
controlling at |least one of a duty cycle k, an "on tinme" t0, a | ow
frequency period Tic, and a high frequency period Thy of the power
converter; and.wherBienyithe of @idimdl, iwierat eidl icvetolled dinpstaacapowaasintrone
of the du cycle k, the "on tine" to,", t?(g | ow I.re EL;f;,;ncy\%ge i?ld Tus
and the hi"ghTPERESHAR Pereyonanpeerentdorice &icraellinh 20l SRe PT £ A5 Rl
at | east Igne “pRVRE” %ﬁ,l&rlsﬁ M3LER yTeRbd TG dnBG H5sH fr&filersl ﬁmaqxé, oflthd BSwer

system of claim?9, erein said systemis further configured to sense

at | east CHECHE; andeviestin dvd oogtrpleradeptively adivstopdenst precefi the deivtcagle k, the

short cireli g ,euLr : ' val t age : a

| east one pov%? g"b’ﬁ@%el?‘ggfrr\%ﬁg {ﬁg hét}'g)ﬁlu?’f’c%rﬁr%%pﬂ %1?13; e\[}%]{cgglemgp%s“éitt% tune
power comedettam;of isvegiftonstat dt leanbnopdee souipe daiie stopgelie wdlnttedehaty.
is further configured to nonitor the sensed paraneters, and to
present said positive equivalent resistive [oad to the at |east one
power source lhased 1R sbROK& AN 10 KBEreHE @ SRR ANRHBESconfiBered Y5 5T at
of claim@8, wherein sald storage device is one of; a capacitor

and sai d lehoperf & folpwinsnersamerarst ae onen eirgwt veltagkea shafk cifgit aefeenatan
the out pWpepfinsal ownar v r €

W thin {REeRung Sl RORloy SRS g by RERSSe 1RO SR MNA R0 BB et and
power corioltegd ef saidipotvai nentehter; wohdreigesait céhmlledtipptdante pawer pavmiller is

converter 3. The P.7"S:e.3-318, wburen the uontn,,,,oedanuo.;:uns, u, u
out hol | (PR sop fairad 8 oo} tasiad agaregleis oS0 PSRt SEaN S ARAR e
Ct eC i t unedifted; 162330 3R ailehst JweP Q@ fte Basedoh WRRe Blonitddd sensed parameters.

M:co.-switch ;>3.(3k-b(303-'"33: C, 0" 3WB.33".(33, a )oo0s: cuos, erku,

a buck 3:30X3V3:311e3', :3313dSWt:3113.3)31 :33433C. 3:3)r converter,

12, 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 system of claim 8, wherein the controlled impedance power controller
comprises a first type of DC-to-DC converter selected from the group of: a four-switch
buck-boost converter, a two-switch buck-boost converter, a boost converter, a buck

converter, and a switched capacitor converter.
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14. The systemof claim8, wherein said controlled i npedance power
controller conprises one of (a) an isolated step up, down, or up/down
converter and (b) a non-isolated step up, down or timnclown
converter, wherein said stop up, down or up/down converter conprises
at | east one of the follow ng power converters: buck, boost,
buck-boost, SEPIC, and Cult. 15. The system of cl aim 14,

wherein said ggntrolled i npedance_power, control |l er operates in one of

(1) an open | 6bp i nn@sEm ¢holaig %dﬂ?ﬁ?‘ﬂﬁ@d@’é‘bﬂ@dd?‘? DRHBIW Sheptsp) ler
critical eonghiet bﬁ%f"@ﬁ& lsaaféd 62d uB, EWAS %iﬂum@@n b6hv%{-%&tdnﬁl€9}‘§ non-isolated
conduction node; and wherein said control [ ed | npedance

control | epteB@pedown gr D@ldpwnmntz@tw,ewheﬁmnmm Isfep and doye roa tup Wmdmvceaer
achieve a, i fpe ce for I

one. pover cHERER: 1 he bEREIRRS ot BowBl ARt AR doBlr, BRICHRy 'S,
storage dewiCek.is configured to DC blas an out put of aid power source
in order to inprove an energy harvesting efficiency. A nethod of
convertingpower direct current (DC) power received fromat |east one
power source, [ £ONpri @gtemaﬁwuamcaﬁé@&ts%{d Shitr6Bediingelfck PYRPWS iroHE:
power ; sel ecting, "based the sensed characteristics, a

DC-t 0- DC ewrssates inggnerpidil) en amn pmpm gf EDatisren@nyoss icerduction mode and (y)
sel ecting, se such

That & pocRirDEuEhfy AT EUBPE gl PERRC RN RABEERLLTh ipneRi

| east one povwher&nwaabcc&ﬁrollb& mp@dahce)i)o@ai ebrﬁﬁllblosdlxats:mmm-@rc ROk er
over a ran of In | evel s; i converted r.
1 om sai dHRlE ndRPipaR s o AiE & &o5edipnah g ﬂ%ﬁgcf?ra@fepﬂé%%g of said
18. The nat&tofpsledidirde/, Wherein said power source conprises:

first antenna elenent coupled to a first rectifier to forma flrst
rectenna el enent; and

16. The system of claim 8, wherein said storage device is configured to DC bias

an output of said power source in order to improve an energy harvesting efficiency.

17. A method of converting low power 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.
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a second antenna el ement coupled o at |east a second rectifier to
forma second rectenna elenent. 19. The nethod of claim 18, further
conprising biasing an output of at |east one of: said first rectenna
el enent and said second rectenna el enent to i nprove an energy
harvesting efficiency. 20. The nethod of claim 18, further
conprising transferring DC power from said energy storage device to
at least one of: an output of said first rectenna el enent or an

out put of 1&ai dTkewethad Pg‘d@iéhhh vélersiresid pQyVdrAPYISY EOTEPIISFier gy

harvesting eff} gi&n6¥nna element coupled to a first rectifier to form a first rectenna element;
and
a second antenna element coupled to 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.
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