SYSTEMS AND METHODS FOR RECEI VI NG AND MANAG NG POAER | N W RELESS DEVI CES
RELATED APPLI CATI ONS [ 0001] This application clainms priority to US

Provi sional Patent Application 5 Serial Number 60/729,378 filed Cectober
21, 2005, and US Provisional Patent Application Serial Nunmber 60/760, 040,
filed January 17, 2006, both incorporated herein by reference. BACKGROUND
[ 0002] Sensors and transnmitters that are snmall and require | ow | evel s of
power 10 for operation are frequently used for collecti ng i nformation

wi t hout bei | %Wﬁ[éﬁi i %ﬁﬁ% W gxampl e, a
battery powgrgg Sensi ng andéﬁgfr{%m I'ng evice may e surgl caI ly
inplanted within living ti ssuUGVRRELESREEVARESt ransmit characteristics of

the body in which it is inplanted. [0003] The lifetine of the battery used

w thin such a sensor often rmwfﬁfmﬁﬁcgmﬁsonal surgi cal procedures to
periodically replace the battery. Simlarly, where a sensor and

transmtting dqyseAf This abﬂfcaﬁ&%lmmdﬁt%@s%bﬁgnmam eMpnenVi ronnent s,
it is often a tine-consu %ﬁcj/()ﬂeb ensive task to periodically replace '
b

the batfer §eﬂ9{ Beohgr 60129, é@s 1708380 PdmpvisienabPatst quency ("RF)
waves for Mpglicatidh Sefial RkHReR 66/ PSUSOA0SHilBN fhinbdrk 19,000, b0 if¥ioeés One exanpl e
of this functionality is an RF identification ("RFID) tag that derives
power fror‘r’i‘%’ﬁ“hﬁe\fﬁ%"(e g., froma transnitting device operating to read
the RFID tag) and uses that power to transmt an identification signal.
One drawback of this technol ogy BACKRGROUNDe RFID tags typically only
operate over short distances. 25 [0005] A rectenna is an antenna that

i ncl udes a r ect[P8G2¢ Senspisand Garsmittess tha el sual and?t%qumlewlewebwpr@s t he waves

d t y ' t
o odtods b PSR eadet coubceRE it ol it e kvl Y
f r equency, thelFopmatagpoviconneat Farexample, mamwwmsensmwaidtran@mdmgt at the
rect enna. %J%y Cgh%ﬁ%&%&eﬁ%&hﬁiﬁﬁ’gd&&ﬁa&&'&a&é%&ﬂ&u{ ectenna is

condi tione
characteristics of the bod]ir in which it is implanted.

[0003] The lifetime of the battery used within such a sensor often requires

15  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. .

[b004] Energy may be harvested from radio frequency (“RF”) waves for use

20  inremote 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.

25 [0005] A rectenna is an antenna that includes a rectifier; the rectenna receives
RF waves, rectifies the waves and produces direct current (“DC”) electricity. The DC
electricity produced by the rectenna is dependent on rectenna design, RF wave
frequency, RE wave polarization and RF wave power level incident at the rectenna.
Typically, the DC electricity output from the rectenna is conditioned by conditioning



el ectronics before being fed to a powered device (e.g., sensor,

m croprocessor, transmtter etc.). Wuere characteristics of the RF wave

vary, the DC electricity output fromthe rectenna also varies; this

af fects power conversion efficiency due to |oading upon the rectenna by

the conditioning electronics which attenpts to maintain a 5 constant power

out put for the powered device. SUMVARY [0006] In one enbodinent, a radio

frequency [ ' ' L. agh eri odi c antenna
B EbcE6ERE baillg fah Qs%»bééd Bovick (4., o I,C%ap%p@gﬁgcg,

array with one or nore ahtenna el enents. ctors provide

connect i vi trpswiites ¢fe). AMhesneharastedstion obthe BE wey vwary,dbe BEeleviicieaptti on 10 of
radio freqﬁ‘@rﬂﬁié,r@c@&hﬁ’élm?%&&%@?ﬁ%&s Cp%ﬁfg# Qi G0k eﬁ%ﬁéfeﬁ%?olﬂélﬁﬁ&na array 1Is

determ ned by size and | ayout of of "t he antenna“el ements,” t he
connect i vi ¥8pn thetectenss by therpgnditioningcelestronies whickegtemptsde maintayo®7] | n anot her

enbodi ”F”tconé}aﬂt?wélf&u%{fb?hﬁgﬁ@%@ digaquency (RF) reception device has a
plurality of antenna el enents, eacﬂ of the antenna el enents 15 havi ng at

| east one rectifier, wherein a first set of antenna el enents, selected from
the plurality of antenna el ement®™MMaRY; first size and wherein a second

set of antenna I nts, .selected fromthe ural ity of antenna el enents,
has a second Si[g@ﬁ]e%'%éa&e@? mtc%ﬁ&ﬁ?&%%@ﬁb' %ﬁ?@&?ﬁ"éi& tto each of
t he pl ur al pehgdiobr fpetiedie amtalne BRHY Witladid or frded dntdnfif Slemettd) Fldgicalsel ecti ve
reception of .RE enerqy by th rality of antepnna,20 elenmen{s is
det er ni ned*B§* q%%f?"lg%g%\é?‘-‘q@g{f{ﬂegﬁﬁmgﬁ]sglma}gwggﬁfg?&‘g@?‘éﬁ ™ of the
pl ural lﬂ{lszra&nﬁmmtyﬁhag?byﬂﬁe.{irhpmt @périodic l)anteamhrﬁt 9wglobgg :)f onetﬁr
nore rectifiers 0.t he ur antenna e nts. n anot her
embodi nent ,et%m?%%%W? %‘Fqiy@flgoc#teﬁleoﬁ}g&?Snﬁarei‘%eé’%c"@e(’ﬁf?fimi‘%c%ﬂt i on has a
peri odi ¢ osouplnerte ok or neumé eeothiferar ray wWith a plurality of first..antenna 25
el ements. El ectgd C uct.or.s ovi de. connect.ivity to ch of the first
and second set gédg?ﬁélnatngf%naer% oglr?énggr?ﬁ@gufaﬁgetmé‘g}ﬁ&% e(l% | ari zed reception
of RF enermgsephon device hagreplimlifyef amttrmn elzmants,segch of thikedntenmna elederityy or i ent ati on
and fe ' n .elenments, the connectivit d coupling of
one 'or%jrmf%k’?lg?ﬁ%slt éf?% %oegé’{: ‘A %ﬁtﬁgt O%emer’ﬁeane?qneg ’Tem%bﬁnﬁﬂ%not her
enbodi nent phuality p§ endenng ellenents, hasm firstdaecing whersineesecand|set obahtenna

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

20  clements 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.

[0008] In another embodiment, a system for selective radio frequency (RF)

reception has a periodic or aperiodic antenna array with a plurality of first antenna

25  elements. 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 ahtenna
elements, the connectivity, and coupling of one or more rectifiers to each antenna
element. :

30 {0009] In another embodiment, a system collecté and conditions variable DC

electrical power from at least one source. The system includes conditioning



el ectrical power from at |east one source. The systemincludes conditioning
2 electronics for converting the variable DC el ectrical power to storable
DC electricity, the conditioning electronics presenting a desired

i npedance to the at | east one source, and a storage device for storing the
storable DC electricity. [0010] In another enbodi nent, a system harvests
energy fromradio frequency 5 (RF)/m crowave/ mllineter-wave power. The

system i ncEludﬁsicﬁfd%e&@bﬂﬁl@%e%ﬁ&u}@nweiebuica?fngﬁtﬁfﬁtg&%& BELRARARANd at | east

one rectifier, the receiving device conver
RF/ ni cr owa e FoRditioning clepropicrareyenting 2idatinsd inpadance dathe etleast DE)sowcactri city.

The syst ey a5¢br. %eﬁc@féi“ﬁbn‘ﬂ?tﬁ@&@ﬁﬁl@bdj&wui' at (a) configures the
recei ving devi cekg%based upon the DC el ectri c‘%n?y, (b) presents a desired

| oad to the red®i¥ Fangier eabodiment, peysten havestsenengy omeadip &equenesi ty. [ 0011]
| n anot hier (FRYRAEbwBRImillAn R %&mets%t&ﬂﬁicgm&r%ﬁ&ﬂﬁ%’ ddvilelwimener gy into
udal e s

usable direct current (DC) electricity,  including t eps of receiving

the' RF efléfg\rnganterne gpd ptdeast ongpectifiers the saesiving davirqepnvertingthe | east one

rect enna MREMﬁ@omﬁiﬂ&a&wéﬁéW&mtéﬁﬁ&%&ﬁfeﬁé(gﬁ: LliEiricRr gy ed power to a
o}

storage device, and conditioninhg the 15 store wer t'o provide the DC

el ect ri ci t S™TGH? 39S 4 RPVeRBRASFMENBH theb(a) confizwes te teoeisimgdetiee var i abl e | ow

pover DC iisédipoh tieDC élBdScityS@Y bsdhts s fekirddd64dah theedebviryl Gkt kel LY.
i ncl udwg %?e st@gf) of: sensing characteristics of the variable | ow power
DC el ectri Tt?/“” g(?'}"lcﬂ'ﬁ’}ty'based upon the sensed characteristics, a DCto

DC converter mﬂpm%&%ﬂﬁ&hmgﬁmkgﬁeﬂ}aﬁﬁﬁﬁue% vert the
vari abl e | ow power electricit tlo electrici t% suitabl e for storage;
storing t h%mcgg W%H"‘% dizpdt chereng Fl?‘i) soptrieit ndiodingthe stepspforeerixinathe and
condi t i oni Rifjedelsy using af 1edbt edeT6dtéring) 1baditeAhPatSHCIhe virhihSwitlca BisBEI ri Ci t Y.
[0013] In .ang(iager errgodi gﬁnt , .a software product has instructions, stored
on conput SPSPRE HHIE recRipe ROV eristarage dpvies Auheondiipring ®gecut ed by a
conmput Br , sdredmweotorpratdeiie Dareldaritgni Nng a system for harvesting energy
from RF waves, 4 ﬁ di steps of: interacting wth rectepnna design
software to selléaog @gg&ﬁgﬁg@mhgm@aﬁﬁn@aﬁ arighle {3 PXEPA | conbi ned
rectenna aehdtriviysato usabladirect edrfdnt (BI)GIectrRRY, thdh@lingBOSORIGFkingonver t er
topol ogy; cigtla&%slﬁgsgof%%nv\ég%lg fow%?o%e? B%netle%m%{]t}g; sg egtgnag:[ éarslgd upon the
sensed characteristics, a DC to DC converter module and operating characteristics to
20  convert the variable low power DC electricity to electricity suitable for storage;
storing the converted electricity in a suitable storage device; and conditioning the
stored electricity to produce usable DC electricity.
[0013] In another embodiment, a software product has instructions, stored on
computer-readable media, wherein the instructions, when executed by a computer,
25  perform steps for designing a system for harvesting energy from RF waves, 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
30  output characteristics over designated incident power characteristics; and selecting
appropriate control approach and settings for maximum overall system efficiency over
given system characteristics, '



conditions for maxi mum efficiency based upon sel ected rectenna
configuration and 30 output characteristics over designated incident power
characteristics; and selecting appropriate control -approach and settings
for maxi mum overall system efficiency over given systemcharacteristics. 3
[ 0014] In another enbodi nent, a nmethod designs a rectenna, including the
steps of, selecting elenent size of the rectenna based upon avail able area,

i nci dent radi qnhmwﬁwa&@wiﬁm%mrﬁlgmma Qudingmge; sel ecting

el ement pol.ari ?atf an ased, up? t he RF enV| ronnment of operation; selecting
rect enna &’F whd wromisyeiablearenriagidentcy range;
sel ect i ng faemnmmearavaymﬁﬂ@aau@glﬂe@ Ss%ﬁcﬁi{g@ibn{ AfpUlEBALGHT PUl pover

| evel s, bl e stora oper ati onal dut cl'es and avail abl e
space; sel %#W@nﬁﬁ%‘ﬁ? P @-é@ﬁ%&f@&?ﬂ@%‘n@a@ﬂbﬁ@éﬂmﬁ er based
upon i nei dmﬁagaﬁnmﬁedmaids&e%ﬂ&c?edn@@tseﬂ QERdha it Shagdidld S8k €Cting a

radonme a ro r| ate for intende 0015] In“anot her enbodi nent, a

u
software pro BV ﬁs%ﬁlvévéﬁmerﬁmpwam&m e medi a,
wherein t h@c]em&tcr M%Macemwmﬁwomm%m&m cablEfeb @ St eps for

desi gni ng Blfetenn i nc instructions for: interactively using
power nanagerre‘ﬂ’f’ H’é”gil“&r? g’ﬁ'fulf’ @dﬁﬂegﬁ dempend sive: anthsclestingsiadeaont | gur at i on
for over appropdath foréertded¢ti@nna and power rranagenent ef ficiency; optimzing

rectifjgr 15 ci r on _applicati soIV|ng rectifier circuit
t opol ogos based {éj%ﬁ]fn%gt? ,ﬁ&%gggqeg&f- é‘ﬁ‘e Pasigsiructiong, stged:am enna

t opol ogy bamputer:Eadablahédiv, m&eihenéinﬁﬂ-&ﬁonspwn&lﬁx‘éd’ukdw@oéﬁz wal i on, incident
radi ation %pes\%r and freeguenc %Hé u el eci ronagnetic

si nul ati orls; sof in g’Eﬁ?@ rdg'iewgh%?wm nation of
full -wave wmmammmﬂw@aaﬂwmwﬁwﬁm%ﬁﬁ@mﬁrl ons; 20

sel ecting g Iﬁ&g&ﬁ,e%onbl n(Fd ant enna angﬁfﬁ ectifier topology; sel ecting
appropri ate E% ne 8 50T BN AR RS RE R GBI OR fts; selecting
appr ophSi atcgcmtrvagsedmfapglmaadm,eaﬂmgml:nﬁaicﬁeﬁ:tﬂagola@pia@ar e package for
compat | bi 1Pl A G ime R RO Dot 3B G PopRGUSEE hae

i nstruct i Girsuitrytnolagigation, indéent midjativepowee dvelaing feqehey usiMpdiBiwavd he

I nstructi QRdond}aBiEEaH Y, 513)('1:% 5 TBWLR at RE frequencies using a

combination of full-wave electromagnetic and high-frequency circuit simulations;
20  selecting appropriate combined antenna and rectifier topology; selecting appropriate
DC network topology and operating characteristics; selecting appropriate array

configuration; and selecting appropriate package for integration with power manager
based upon simulation of package for RF compatibility.
[0016] In another embodiment, a software product has instructions, stored on
25  computer-readable media, wherein the instructions, when executed by a com'puter,v
perform steps for designing a system for harvesting 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
30 components and operating conditions for maximum efficiency based upon selected
power source configuration and output characteristics over designated incident power

characteristics; and selecting appropriate control approach and settings for maximum



perform steps for designing a systemfor harvesting energy from power
sources, including instructions for: interacting with power source design
software to select one or nore desired power sources for overall conbined
power source and power manager efficiency; solving appropriate converter
t opol ogy; selecting converter 30 conponents and operating conditions for
maxi mum ef fi ci ency based upon sel ected power source configuration and

out put Chaé@?ill%rbt&h'eﬁﬁ:ﬁﬂ!ﬂvef‘ﬁ%tﬂ%ﬁ%&tﬂ&&%ﬁ@é power characteristics; and
sel ecting appropriate control "approach and settings for maxi num 4 overall

syst em ef fi ci erfBQL7bdwpnogier; apbodiment ksefiirs prodpqt bas mﬁrﬂc‘[i@@,lsﬂfedw anot her
enbodi Ment gonghusdplrda8aY1 S mbdif dtteteid S insiebMS Whe ScecRdddy: W‘fa ng
S, execut ed by a

conput er - r eadabl e rredl a, wherein the instfuction
conput er, PP R o designing a pgwer sguicn ducknding instrugtines &s; inferastivaly ng |
i nstrucsi ORferdcBhg with p&h & Hlah¥din¥ntAelitt St tQ?ethB ment design

software to sel ect opt| mum power source configuration §or overal | conbi ned
pover sour ¥eigHEgFRRe verrtivaghitedeoviss fquasecnd power spmpgementaffigionss  sour ce

Circuitry GAmRansRRRr3Rbd Gthile) Based BhRGpb ARG RE QDL e ST WOr k

t opol ogy and 0 erat| ng characteristics; and sélectin appropr| ate package
for i ntegte¥ersirrriosy and W%?F&&é?ﬂ“ cd geleting prrvraateiackege Package for

pOWer Sour @iRgrafibh FANBGH kintlatff OF Pi2kagR TR WRERIrce @ SYSt Em
col | ec&g and cqndi t| ons var| abI e el ectrical power fromat |east one

sour ce:? CoWHPER Vng el ectronics converts the variable DC electrical power

to storable DC[emfh{adathwmﬁHbdm%e%@y&énaollé%hﬁdabﬁdm&ﬁ%ﬁsb?@ﬁé load to the
at | east ir;e soErce A stora e device stores the storable DC 1

electricit frompblepst P@%&@qné%n’ééFlﬁ@@ﬂ%fﬁﬂ%mﬁ%s Bt i rral | oad
resi st ancevaaﬁblmeelmp@my@rsmamgelee&mﬁmtprawapdsﬁml s. [0019] In
anot her enbog%lgg? an |Q%§Erat ed convertec{ col'l ects and. conditions
vari abl e D& Q2 t9,tbe g one SEFPS ¢ Fiorags deyice starsy e atoraBle ¢ i oni ng

el ect r thi CeectrixityVEelpdsitiherepetinica ia@ chiresPhifdls to dptialal IPAYREisthite SF Beabl e DC

electricit and '%resentﬁ a 20 ?tﬂSi ive resistance load to the at | east one
sour ce. YISt POT PATREE SHEPHPeW Sopol ogy and switching frequency of the

condi ti oni ng el[@p] trdnother ebdliatengen dﬁgi-dﬁ@l Bhestescollbds ardicohdiide DC
el ectrici t\yaiiah-ligﬁcce?e%cgf 1:|to$vrer %Cyiagt leas?cn}/e s% o%dlggl'lelng()élecrtg'%;ll%s of the switching
converts the variable DC electrical power to storable DC electricity and presents a-
20  positive resistance load to the at least one source. A controller controls the topology
and switching frequency of the conditioning electronics. A storage device stores the
storable DC electricity. The controller adaptively adjusts one or more of the switching
frequency and topology to extract power from th|e rectenna while storing the harvested

energy.

25 BRIEF DESCRIPTION OF THE FIGURES

[0020] FIG. 1 shows one embodiment of a power harvesting system that
includes power sources and a controlled impedance, voltage or current power
controller,

[0021] FIG. 2 shows one exemplary periodic and uniform rectenna array.

30 [0022] FIG. 3 shows one exemplary aperiodic and non-uniform rectenna

array,



frequency and topology to extract power fromthe rectenna while storing the
harvested energy. 25 BRI EF DESCRI PTION OF THE FI GURES [0020] FIG 1 shows
one enbodi nent of a power harvesting systemthat includes power sources
and a control |l ed i npedance, voltage or current power controller. [0021]
FIG 2 shows one exenplary periodic and uniformrectenna array. 30 [0022]
FIG 3 shows one exenplary aperiodic and non-uniformrectenna array. 5

of DG to-DC cdnu Fa RS el Bl e ipighpBe 7 PN

exenpl ary Bﬂdg%cdnuwmnvertl ng variable power DC electricity into usable

DC electricity. [toézr%[l? glﬂ%’dﬁ_ﬂl &%g%%%@l“k%é&g%h&g’eﬂﬁg process for

designing a s RarVes ower source. [0026] FIG
7 is a flovwh mowm%?kemmtbgmt@neahhbeebm designing a rectenna. [0027]

@ rectenna. 10 PUOOBIC] o Ty IR IR pRE TR At SR B oy

process fohmbmmﬂﬁgfwmgmeemt#@r harvesting energy from power sources.

[0029] FIG 10 gadfg( !iégg ary rectenna
and sensor systgér%&m@?qﬁgﬁlts dgﬁﬁ%ng sﬁgavfg&é %Jrﬂy nodel and a
| ayout of a redP@ThFIG.B5s plowdprtiigiating asmwsexanplewmrfyr gr aph

i | Tustratiagioaingylakid, and measured output power of the rectenna of FIG
11 as a function of output resistance, and an exenplary graph illustrating

si mul ad®d and ﬂ%ﬁ%%ﬁ#ﬁﬂ%ﬂﬂ%@m&wmmwsﬁﬁdmﬂl as a

function OfysfMl i arfe8itleSdneds Froml 3%erdonfck$> 13 shows a bl ock diagram
illustrati ng one exggﬁar ower 20 processing circuit for obtaining

pl us and mi nus 19939] {0 shows one exemplary block diagram of one exemplary
rectenna and sensor system embodiment.

[0030] FIG. 11 shows an exemplary model and a layout of a rectenna.

15 [0031] FIG. 12 shows an exemplary graph illustrating simulated and measured
output power of the rectenna of FIG. 11 as a function of output resistance, and an
exemplary graph illustrating simulated and measured output voltage of the rectenna of
FIG. 11 as a function of output resistance.

[0032] FIG. 13 shows a block diagram illustrating one exemplary DC power

20  processing circuit for obtaining plus and minus 15V power.

[0033] FIG. 14 shows one exemplary graph illustrating measured DC output
power of the circuit of FIG. 13 against polarization angle of radiation incident on the
rectenna array and one exemplary graph illustrating DC output power and efficiency
of the circuit of FIG. 13 against power received by the rectenna array

25 [0034} FIG. 15 shows one exemplary circuit for a boost converter in variable
frequency critical conduction mode (CRM).

[0035] FIG. 16 shows one exemplary circuit for a buck-boost converter in
fixed frequency discontinuous conduction mode (DCM).

[0036] FIG. 17 shows two exemplary waveforms illustrating operation of the

30  converter circuit of FIG, 15.

[0037] FIG. 18 shows one exemplary circuit for generating the gate driving
signals for the circuit of FIG, 15.



[0033] FIG 14 shows one exenplary graph illustrating nmeasured DC out put
power of the circuit of FIG 13 against polarization angle of radiation
incident on the rectenna array and one exenplary graph illustrating DC
out put power and efficiency of the circuit of FIG 13 agai nst power
received by the rectenna array 25 [00341 FIG 15 shows one exenpl ary
circuit for a boost converter in variable frequency critical conduction
mode (CRM) . [ 0G§63B] Fid519 Mow iR 0ex @iffarf SRIARSA ot AbfideWpbrafiH oftadd UCK - DoOST
converter in  fixed frequency discontinuous conduction node (DCM . [0036]
FIG 17 shBWE‘tP%/HGeJ(%rrpI ary waveformnms illustrating operation of the 30
converter cir cyod3opfId:R&shows onk Bkkplariive-staed adiititife MARNAXSHRALAGY Ci rcuit
for generatltrll&);tsq?e gate driving signals for the circuit off FIG 15. 6
[0038] FI G ShseEiRdimstbnpl ary equati ons that define operation of the
circuit of FIG 15. [0039] FIG 20 shows one exenplary two-stage adaptable
sw t chifg-capaci tor DETATDRY DESCRIFTIONTHTAE MIGURESETAI LED DESCRI PTI ON OF
THE FI GURES [0040] FIG 1 shows an enbodi nent of a power harvesting system
100 that i ncl (@8] Pigd shaoencabodifidntofd pawadiatvestingagsteripedihmce, vol t age or

current p f roller..104. Po harvesting, system 100 is
i |l ustrat ﬁ}\e@u‘iﬁ“g%éﬁn 1f)rowelr()%r‘%%d%fm r"@ﬁe‘ﬁﬁ?ﬁggtaﬁ%%r.wﬁ BH device 106 is,
f or exanpl @ptrelles & Bowearharvesting spatear 800vie flluditatitely ishewvn fooweing sour ce 102 may

represent r [ enna, . hotaovoltaic_ cell a piezoelectric
devi ce ‘or @9’%@?",&%@%0 i:e“cctclfeﬁ{'é’eggevlﬁ’?g?w‘fﬁ 211“%%’?‘9%??E‘?°&nger 104 is

i || ust ¥t i desice: Polvensounsk f 62 mayregresat oeay enotddF: a reeteana)y phaonolithiog 110 and
energy na r e i.s.for exanple a battery or a
capaci tor ?@?’%e%%g?%@%r?gﬁm?@%%}l%ﬁﬁ%ﬁer 104, as shown, or 15
external to polMlkcRawer opiteiler|i4 isilludtmtiveltishown withgenérgp stotape 108; ope  her eof .
[0042] Enggg Bt: - C ' convert
energy recel \;)éyed ro pomg%&%g%{rﬁcﬁzﬁe&%ﬁﬁllﬁ?%ﬁ%@o&rgﬁgshl 5%%%"%“?&135t0rage by
ener gy a battery or a capacitor; it may be internal to power controller 104, as shown, or

15  external to power controller 104 without departing from the scope hereof.

[0042] Energy management 112 instructs energy coupling 110 to convert
energy received from power source 102 into a form suitable for storage by énergy
storage 108. Accordingly, energy coupling 110 may include a DC-to-DC voltage
converter 116 that changes the DC voltage received from power source 102 such that

20  itis suitable for storage in energy storage 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 electricity received from
power source 102 into a form suitable for siorage by energy storage 102.

25 [0043] Energy coupling 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
management 112 to configure commectivity of multiple power sources 102. For

30  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



storage 108. Accordingly, energy coupling 110 may include a DC-to-DC

vol tage converter 116 that changes the DC voltage received from power
source 102 such that 20 it is suitable for storage in energy storage 108.
The DC-to-DC voltage converter 116 may represent a step-up voltage
converter or a step down voltage converter. O, DC to-DC voltage converter
116 may include a plurality of different types of DC-to-DC voltage

convert er S, A4l LS RBLAFHALGLY pAIIOREN dLrEAMNELbRE Sleigf 11 Cl Ly Tecei ved
from power source NG a [Orm Sult ablre 1of s orage My energy storage

102. 25 [ Obd@ierment i thmepeoptrohidC tapling cifauitilbéto cohfigure suterna esmenmal  DC
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source 102m\%%§§£&/?#ﬁafbﬂ]5%} %ower é"%ﬁ‘?‘?‘é‘%ﬁ)ﬁgmﬁéﬁg"i emlplgﬁéf)egf to controlled
i npedance fremencies end paddrizations bincidDE RFowdyen¢hange; enecgyi thanhgemantyl2 ncl ude one

connocts vi Ty SRR FaEAn Y PR Mo (BRS5 Bl Sl Bl BIE LR over

sour ce 102effisiencyr ect enna array (e.g.,. rectenna array 200, FIG 2) that has

a plurality of gg?% £ tes gg dependi ng on
7 sensed char aé%ﬁ%&%’g&g{%%%éﬁ%%%g\%r rom %ﬁ%ﬁ)gperl Oﬁ%dr ect enna,
energy medrxigedBhvia sigeal 118 thetindicdes o@ecteqirements of powvared devive 106. conf i gure
ant enna el Smatidh i | f oL ' ion. In
parti cul ar?ﬂg{ypomﬂé@1?%%?2@%%&u%%é%gﬁatﬁéi pol g‘%o%%ﬂlrgg%g f incident RF
waves HhangpaplingddPgy nmanagement 112 5 may reconfigure connectivity of the
rectenna array s f i fd GLaney 0441 Ener gy
managenent 112 [may]a sgﬁﬁggﬁ%@ﬁﬁfﬁ%iﬁgﬁﬁ%ﬁéﬁgmreegbglget\}/?%e 106 via
si gnal 118meteaectsnnesi Bavest, pwepowes genrees mapalso be ussdireplace oféhei ce 106.  This
i nfor mat i oRemaklgRdnlyY energy managenent 112 to optimally configure energy
10 coupling 110. [00451 In the foll ow ng exanples, power source 102 is
represent ed by [#148] BIG. 2shows e exemplary pemqsigand unifermysptemms ey 4ur ces may

al so bgs Us@istiafin PhiRE Suate phidk antbriia bRBIAS 260 grolhuRied Bdbsfrité204 BadioWs one
exenplary periodic and uniformrectenna array 200, 15 illustrating nine

squar e pat ¥Fenaneleney 287 kasaredifion06gthersby;forming e aectpa 208t e 204. Each

Interconnectivity of periodic rectenna array 200 is not shown for clarity if itlustration.

Size and layout of each antenna element, connectivity of each rectifier thereto and
substrate characteristics determine the frequency range and polarization of radio
20  frequency waves received by rectenna array 200.

[0047] 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.

[0048] FIG. 3 shows one exemplary aperiodic and non-uniform rectenna array

25 300 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. Aperiodic
rectenna array 300 also has a patch antenna element 308 of a second size formed on
substrate 304; antenna element 308 has a rectifier 310 thus forming a rectenna 314.
Rectenna 312 is designed for receiving radio frequency waves of a first frequency

30  range, and rectenna 314 is designed for receiving radio frequency waves of a second
frequency range. Thus, the aperiodic and non-uniform rectenna array 300 may receive

radio frequency waves within both the first frequency range and the second frequency



antenna el enent 202 has a rectifier 206, thereby formng a rectenna 208.

I nterconnectivity of periodic rectenna array 200 is not shown for clarity
if illustration. Size and |ayout of each antenna el ement, connectivity of
each rectifier thereto and substrate characteristics determ ne the
frequency range and pol arization of radio 20 frequency waves received by
rectenna array 200. [0047] Array 200 may be fornmed with alternate antenna
desi gns wi %ﬁg&t departing fromthe scope hereof. Mreover, additional
rectifiers y connect in parallel or series to rectifiers 206, also

wi t hout depart i 98491 rAsiditional or diffseentreetenss mppbatigsludadavitign gty \d800ne exenpl ary
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rectenng apr2%4:3Q0n-2hifRmaSenia pantenna el enent 308 of a second size
formed on Igseﬁibstrate 304, antennd el enent 308 has a rectifier 310 thus

form ng a rect el@fed] Athoughmetshormdn BiCh. 2 anddie sompemsivity of reptemnas 30ty radio
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waves of a

for receiving radio frequenc econ requency range. Thus, the
aperi odi c ansHodisEectaNg Bran 3P merhe based vrep raliGirempnayaravesiocidendat o fr equency
waves Wi t hiddh plhdink Bfayfand e dbdied PR butpRl SRR erdnd Grray® #0 kalbieIUENCY 8
range.g{’0049 Additiors{fal or di f_fie:lﬁgnt rectennas nmaybe€ 1 ncl G%IE “within array
300. z eTeciennag 308 may be copeechyd inaeries arnagalleh el enent, connectivity of each

rectifier ther ejopsi) G@leBidN oFg siifdBlerbaftADSody M FocBfGhtiBRhdeZsbn Of radio
frequency waves received b 5 aperiodi ¢ non-uni formrectenna array 300.

Y : | ! .
[0050] Al t FRSRJFPIRBCY Smanend newe levels received, is alse srpesantifon officiont 1 ect ennas 208
Wi t hi n per pRedtion of e HoderAh hittys 200 and connectivity of rectennas 312 and
314 within aperiodic rectenna array 300 maybe based upon radi o frequency
waves inci dent 0521 Muliiple periodison speripdig. unifarm MaogaifeEy 1956082 out put of t he
rectenns aki¥ maly®F uRW A RIrest REbhekSCFGMARDIE QRtpibifoh we piagict €d in series

or parallel. [0051] Selection of a suitable rectifier topology and
rectificat {m&%@% whe diffsrspt sized gepnayplements 6 exfachystriving R el s

received, waveslosgiffertRORdqasticy tgesthllof pitatizations) may be combined for
conditioning by controlled impedance (or DC input parameter) power controller 104,
FIG. 1.

20 . [0053] A rectenna array (e.g., periodic rectenna array 200, FIG. 2) may also
be reconfigured during operation. For example, if energy management 112 determines
that output of rectenna array 200 is low, energy management 112 instructs energy
coupling 110 to modify connectivity of rectenna array 200 {e.g., using DC combining
circuit 114) to increase output voltage. DC combining circuit 114 for example

25  contains switching components (e.g., MOSFETs, BIT, IGBT, relays, etc.) that allow
dynamic configuration of connectivity to power source 102,

[0054] If energy management 112 determines that output power of the
" rectenna array is high, energy management 112 may instruct energy coupling 110 to
reconfigure antenna elements of rectenna array 200 into parallel and/or serial

30  connectivity combinations, thereby reducing changing output voltage and current.

[0055] Connectivity of one or more rectenna arrays is for eimnple based upon

one or more of output voltages, open circuit voltage, short circuit current, output - -



operation of these rectenna arrays. [0052] Multiple periodic or aperiodic,
uni formor non-uniform rectenna 15 arrays may be used to harvest RF
energy. For exanple, output fromtwo periodic rectenna arrays, .each having
different sized antenna elenents (i.e., each receiving RE. waves of

di fferent frequency ranges and/or polarizations) nmay be conbined for
conditioning by controll ed i npedance (or DC input paraneter) power
controller 104 FIG.1. 20.[/00531 A rectenna,apra Q.. periodic

rect enna a?%é’f/lt%@tpﬁ@weﬁyf%ﬁﬁrgP?&n{ e er%%% Pﬁ%ﬁ%‘gﬁ&u i*hg operation. For
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connect | vi TYBF RS Rodoar Spits SolaRds i e eohnerabin pERIGE Oueghatd U ™114)
t 0 i ncr easparamdtes bf the bowegreontfollec i imayialsg be based nponlohé of moreef awiphte 25
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econt i gur o and9el CAREH LRrR bov Bty 0 HRn B B, ' 2 o
serial 30 swosmmtisfot ponitmiog clerdctristics bhimpattppwerduci ng changi ng out put

vol tage and cur QQ§§| Q? Iy ‘ "Rl §olgnna arrays S
for exanple baéfe)ﬁggﬁ; one or %?ggo?é%é?%{%%lgﬁé%g% optgv(ri?ogi rcuit
vol t agd0 soretanteimaoaiénhents are emtbined btforetre@ificationent and out put power of one or
nore antenna el G . !ﬁgpggﬁ g;!&-' simlar
currents nmay béﬁgﬁnec'%q?ﬁﬁég’ﬂ%gﬁn%}oe“gs groupgﬂéﬂ? arlrls'?glhna el enent s
produci ng pesentieg degindd impedanerty bae eramere power spurcesde.al pasver s@oeer 1824 ng
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of output 5 voltages, open crrcuif ' ort ¢ i Irrent, out put
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[ 0057] Thefurtherdeading the wayt spurge. Fentrdled impedanng ppwerrantrgier et ther om t wo or

other hand, maintains resistance presented to the input source at a substantially

constant level, even as input power levels vary. The controlled impedance may also
be varied based on sensed conditions of the power source to emulate a desired
20  impedance, input voltage or input current in order to improve the energy harvesting
efficiency, for example by emulating a positive resistance load where resistance
presented to the source increases as input pow& decreases.
[0059] Selection of circuitry for power controller 104 depends on the desired
application. Where high efficiency of energy harvesting is required, additional
25  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.
[0060] Alternative power sources may be combined for use with an RF power
source 102. For example, an RF wave rectenna array, a mechanical generator and a
30  photovoltaic cell may be used as input to combining circuit 114 and power controller
104. Power controller 104 may then dynamically configure these inputs depending on

sensed input characteristics and/or desired output requirements in order to improve

10



10 nore antenna el enents are conbined before rectification. [0058] FIGs.

15, 16 and 18, descri bed bel ow, show exenplary circuits for presenting
desired i npedance to one or nore power sources (e.g., power source 102,

FIG 1, periodic rectenna array 200, FIG 2, and aperiodic rectenna array
300, FIG 3). Prior art DC-to-DC converters typically inplenent inverse
resistive loading: as input 15 power decreases, resistance presented to the

[ t ' b t | t ' t .
Controf | e iy afiEelsh SHRGUEE T phASHaE Yok WS mey B ool i il 0L 12
resi st anceway @deproxide biasing & sacipothersthereineinatasingnvesil anerpharyestimgonst ant .
e S i o CmBEndy Bhloc Fhwld fRoc B Yoy HRGEMUEAL e ghelgPocance ey al s

be vari ed on sen_é conditions o OWer source’to enul ate a
desired 20mpnpgerdentd b2 toiimjicate itsglowaryeeds: Enarguinamagementti 12 maptheer t o i nprove

t he ene | | Cl I ] ' a positive
o5 ot ahoscREUE Bl LS o nel B HATRE oS BRI B D00 L e
i nput power dedfdtBewer[coniEdler Bl maytalso trapdfercnengy ftomyenérgy stomget08&cont r ol | er
104 depend ' L.cat. [ hah efficiency of ener

pends A8 of e ?gwgérr sgtgrgls Mﬁgﬂ% jfé, 91[§er tg\hu?c{efa?/@ﬂrl%g ovc%aél{ en%r@? y gy

harvesting.is requir I rcul y | uded to sense
char act er i Brvesiingsffiqiensy. Fop gxampiaencrgyivae be transfeired kethe PGwatpusofir ce provi des

| A Pl g ! C g
P oui by aciia®l Ehin ) Rl SRuith tifroVEs G500 Rrvellon Ml S Th L 0 o
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mechani cal se&e@@ﬁaﬁ%?aﬂaﬂyagﬁ%&&%%gﬂqgeriﬁ&%gwﬁfmm&eﬁmﬁ 4 nput to

conmbining circuit 114 and power controll ower controlT'er 104 may

then dynanilews pse exemplagenerey pepling 413 bat inslydevaiplnglioref DEete2d | nput

char act o1 | &hl&rs0d bl ax5ptiohd BCUIBiing GO GBI Sudofhuflf Gt ke | TPrOvE 10
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energy harvesting efficiéency. In fart Icul ar, energy ces maybe conbi ned
in such a THEFPIEEEBCsPBbintE chrukilAFIte] cBrmextdnling 408 arayissprésatr easi ng
over al {5 ergigy chalimg$1d, BEG. 1958 kb6 eachRDARADE Yon RAYS 46 GEVi ce 106 may

provi de feedback to_energy nmanagenent 112 to indicate its power needs.
Ener gy marfSétratane P2 fawcswitel buckeopss gonvetitren teoniritch ipektbogdinnect i vity as

needed t o qohtick @ bbbkt cAlRERE DPérNirpINBHitical QABdoFANAEL, GRAL sRbLRE 104 may al so

transfer ener from ener storage 108
’ . contr«%}/ed to regulate ?np%%leunent or %oltage as a function of the corresponding input

voltage or current, and a switched capacitor converter. DC-to-DC converters 404 are
20  selectable based upon input power characteristics and the type of storage device used
for energy storage 108. As input power characteristics change, energy management
112 may select an alternate DC-to-DC converter as needed.
[0063] Where input power conditions vary, energy management 112 may
change the operating characteristics of DC to DC converter 116 to match the emulated
25  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 to DC
converter 116 may be adjusted to emulate an appropriate resistance.
30 [0064] FI1G. 5 is a flowchart illustrating one process 500 for converting
variable power DC electricity into usable DC electricity, in accord with an

embodiment. Process 500 is for example performed by controller 104, FIG. 1. In step

11



to one or nore power source 102 outputs in order to increase the overal
energy harvesting efficiency. For exanple, energy can be transferred to
the DC output of a rectenna for inproved biasing, resulting in inproved
energy harvesting efficiency. 10 [0062] Were input power conditions vary,
DC-to-DC converter 116 maybe selected froma plurality of converters to
mat ch the i nput power characteristics. FIG 4 shows one exenpl ary energy

coupl i ng 48®, proedss 5000deisdeshadacRkibticd bf th va{ablGow Bo P&D@a&éﬁ&{g%& 404 and an

DG conbi ni W BPEuE g St SiCeo-RC copteremedbin e Ageruss chaptwisposent 15

ener gy COubﬂstmoﬂ.ﬂ@,seﬁéc&haﬂacteﬁﬂicsQﬁmme%%l%ovmﬂdﬁ%cmverter s 404
may repreﬁent oneagie swi tch buck-boost ‘converter, a two-switch

buck boost S EEHY &t f%%s@%@rﬁ?@r@%%é‘#ﬁﬂerf@'%aﬁﬁﬂfttqféél - conduct i on
node, aﬁbuﬁﬁtetmptemﬁe&[ectrﬁﬁ?\hfasibbﬁtdreaﬁl sy 1 0RWIGCU TheRbe®r VOl tage as
a function_of t cor%gmi)egndl E}gﬂdﬁ% vol tage or current, and a sw tched
capacit or TSR & PR Hlegtrcityobor sxample tacamersy §6Me based upon
.tnput pom@ymﬁﬂeﬁs @hmﬁsnahmddpmdam?)@meadﬁaw%ow% 8&ide906. fortenirl gy
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power conoh%tmmmwemggﬁoﬂa@a@wmemam &9 860 fkigacRPeEr ati ng
characfaerl %hcs of DC.tQ conver 116 to match the emul ated 25 input
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process 500 fofd %}Inver fsnag vag hlgftéa%ﬂ%ﬁ%erprff@”e Oﬁgprr‘fe(?ﬁ?‘?g?nto usabl e DC
el ect rli5ci trgctenng Instep 7@, piotdss 200 smtsm# mtsﬂdﬁmsctéﬁﬁbh@dﬁﬁﬁ exanpl e
per f or ned a%aggg}e%q%% Lt B4 B?Bo%'er\kevﬁ llgggurzefl rocess 500 senses

characteristics o e varla | FYEeAMFP ¢t hen
sel ect.s, |7ﬁ4,51'-lf@9895’0ﬂ561@tmmm ma:mﬂmﬂmwiummhdmi‘ aivitoraper 6f i g

charact e iglahfish, 139 10sd 1 oSS RBteSNMAGFEASE iR prdpQeaiSn Ve ¢ Lhe

vari abl e power efectric Int
medium and frequency range. In step 708, process 700 selects a shape and size for the

20  rectenna array based upon required output power levels, available power storage,

operational duty cycles and available space. In step 710, process 700 selects a radome
appropriate for intended use.

[0067] FIG. 8 is a flowchart illustrating another exemplary process 800 for

designing a rectenna. In step 802, process 800 uses power management design

25  software to interactively select optimum rectenna configuration for overall combined
rectenna and power management efficiency. In step 804, process 800 optimizes the
selected rectenna circuitry based upon application. In step 806, process 800 solves
rectifier circuit topology based upon optimized rectifier circuitry. In step 808, process
800 solves antenna topology based upon optimized rectifier circuitry, polarization, -

30  incident radiation powef level and frequency using full-wave electromagnetic
simulations. In step 810, process 800 solves the DC network at RF frequencies using a

combination of full-wave electromagnetic and high-frequency circuit simulations, In
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electricity suitable for storage. In step 506, electricity suitable for
storage is stored. 5 For exanple, the electricity may be stored in energy
storage 108, FIG 1. The stored energy is then conditioned into the usable
electricity. For exanple, the energy from energy store 108 is conditioned
and provided as DC electricity to powered device 106. [0065] FIG 6 is a
flowchart illustrating one process 600 for designing a system for
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confi gur at nﬁXEzé wépss,ﬁtg'g ment
effici encyb‘a@t:ﬂlrlgggdrr ﬂéwe?%l%%ﬁg%c{ﬁ% Qes se ect e ‘rect enna
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rectifAeT gsiokiicho IRAYENK, HA8ET0000M o 28 fo@égbég%wcwtry In

step 808, process 0 sol Vés antenna t opol ogy “bas€ on optim zed
rectifier BRPEHRE 1904 yoionanernelpesipnics d00o mfermption pereaninedW0Bendks | evel and

frequency %%id%&cﬁn‘d'séns&% @émﬁ{&% 1é @.yste%& mdoq&ﬁsg@&yseﬁga step 810,

process 800 sol ves the netmor frequencies using a_conbination of

full -wave W&%&Mﬁ%ﬁa%&@mﬁ# egfi drelened amayil PO%is farmad pods. In 12

flexible substrate that may be conformed to a moderate curve of an aircraft.

20 [0070] FIG. 11 shows an exemplary model 1100 and a layout 1150 of an ADS
rectenna 1101. Model 1100 is shown with an antenna 1102, a dicde 1104, an 1nduc1:or
1106, a capacitor 1108 and a resistor 1110. As shown in layout 1150, a commercial
lumped element capacitor 1158 representing capacitor 1108 and a small 0.24mm
diameter wire 1156 representing inductor 1106 provide necessary impedance for an

25  output filter of rectenna 1101. Output voltage of rectenna 1101 is measured across a
variable resistor and the DC power is calculated as V¥/R.

[0071] FIG. 12 shows an exemplary graph 1200 illustrating simulated and
measured output power of rectenna 1101 as a function of output resistance, and an
exemplary graph 1250 illustrating simulated and measured output voltage of rectenna

30 1101 as a function of output resistance.

[0072] FIG. 13 shows a block diagram illustrating one exemplary DC power
processing circuit 1300 for obtaining plus and minus 15V power. Circuit 1300 is

13



step 812, process 800 sel ects conbined antenna and rectifier topology. In
step 814, process 800 selects appropriate rectenna array configuration. In
step 816, process 800 selects an appropriate package for integration with
power manager based upon sinulation of package for RF conmpatibility. 5
[0068] FIG 9 is a flowhart illustrating one process 900 for designing a
system for harvesting energy from power sources. In step 902, process 900
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Qut put1svo|ttaagaomlmaﬁamaanmpﬁmedm&wn@ 4., 208 @RS thR indisiot aktefit I €Si st or and
the DC power is cuI ted as, V2/R [0071 |G 12 shows n exenpl ary graph
1200 i | | udtFRLYR St v oyeriing %frﬂé‘al%‘?ﬂ B Qi Ened Oft, A enna 1101 as

a functi ors ﬁnfnedl@hMoVeﬂ;Be eiemsrwthem "PHiis seeéﬁﬂfﬁhbﬁﬁéh 18$teuadtil 4450 i1l ustrating
EL{H};LE’H receis?s %tggeglg? ugdei'ops ggtWﬁe ltin%%gcugsf the t?rggs?tlon?sore%ela?]d ’ﬁ? a function of
converter of circuit 1500 runs in this mode for a certain duty cycle, k, of a low
20  frequency period, Ty. At KTy, the converter turns off and starts up again at Ty By
adjusting k or ., the emulated input resistance seen by the source is changed.
Changing the emulated input resistance to match the optimum rectenna load
maximizes energy harvesting.
[0076]  In circuit 1500, the input voltage source is shown as V,, and the
25  output energy is stored in an energy storage element such as a capacitor or micro-
battery. The voltage, Va.y, is a sense ppint used by a comparator to find a zero
crossing of the inductor current. Optionally, the open circuit voltage, Vo, or a short
circuit current, I, 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
30  the same signal when the converter is operating in critical conduction mode.
However, both drive their respective MOSFETs off after kTy; thus gate, is a low
voltage signal and gate; is a high voltage signal. C; and C; are input and output filter
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[0072] FIG 13 shows a block diagramillustrating one exenplary DC power
processing circuit 1300 for obtaining plus and m nus 15V power. Circuit
1300 is 13 powered, for exanple, by an array of rectenna 1101, FIG 11, not
shown. [0073] FIG 14 shows one exenplary graph 1400 il l-ustrating neasured
DC output power of circuit 1300 agai nst pol arization angle of incident
radi ati on against the rectenna array and one exenplary graph 1450

illustrati O 00 agai nst
recei ved pg%gr réjrﬂio%tczrzec %H%ﬁg? %6@7%?&%?@“%%&%%&%% exenpl ary
circuit 15efEbliggst fﬁtmb@@mzergmsx @emmmlferthmbcmemyml tical
conduct i ongdpegh %gngﬁj Is for a
buck- boost con\el&grter |dr?l‘:’%‘n|g>?1§éﬁ? guency ﬁ%ﬁuﬁﬁ%%@rﬂi%c |oP node
(DCM) .  Not &ndithepargmpetessittia, Bi-mod ikt hisis 60 cxampld SdiEyedwitnthe sxinirddry

i mpl enest atitan 186 MSwh 9SG due to the floating input power source. The
converter circuits 1500, 1600 nmy be operated continuously at higher input

power |evels, df0%per aXbe FoltageVmu fromdhe pascte stage is Bwposificedaput idvel s, as shown
in wavef or ﬁnplﬂa@ﬁ u%ﬂﬁ%éﬂe@&xﬂﬁnpﬁlﬂ%dt&émuﬁ@q;m]lswes@at Joftér' e St&avef orm 1700

of FIG 17 shows i nductor current un stead ration of circuit
1500, FIG ismemet%mpnP%&zerq-an@inzlbmhmm@mmmggmews@.&mmstor Q is

turned on @aﬂm@n’lvﬁtﬂmﬂﬁgﬂ 'ﬁil;ptgéérléﬂﬂséd]thm%hqv)ul@%% AAHES or current

ranps ﬂgffromzero to i pk over’ that tranS|t|on Q is

t ur ned 1 f Sircl 450828 gates andizates Acticand innwtinta the stteORygate i asigmal foemd.  Thi s
second tl’aﬂl%wtﬂ‘eq{iedcﬁﬁﬁoﬂlaﬂﬂttﬂak1st1$'§ch1§]9§h€‘fk‘?l%’I%.Heﬁ.ﬁﬁés q gero. Wen
e The converter

this occur p,ﬁ?fg;tlrSt transition 1S repea of circuit
1500 runs SrolAt peigt: Thﬂ@@frfffamcuemﬂa@y@p@mgatmno&Tmlsqo frequency

period, Ti Ifrow&&s tKeTsh&etsigaalQ@w bﬁrthetdéfni}%aﬁi Bnc%h@-sﬁ&%{r[:% 89@1& n at Ta: By

adj usting the enulated. in resi stance seen e source is
changed. ‘@ﬁ‘é?‘uﬁf fgot 1ﬁé’p@'ﬁtéﬂnaff’re‘ad‘1‘° Eﬂm"P’eI%qV‘@! loptanditopoyeer &mbﬂék opt i mum
rectent® |aasherwiidsi M zes energy harvesting. [00761 In circuit 1500, the
an ener gy ot or APCREHEHE ST EmAI BB Gy 1507t B8 hopB comRRELr y. The
vol t age, \bperates cantiBe@NBE, e eMliiatéd estistiiiceR LQIPRLAlyYe dbfnfdnfeh &, ZEr0  Crossing
of the I NGl RL CHELSMpaSPhL MR dicutd) ncl iy Her hostic) 808, VOO OF 2
short & ting
comparator and the one-shot are used. However, these circuits are on continuously,
20  even at low input power. Implementation of the low frequency duty cycle control
method allows some of the circuitry to be powered off at times, depending on the
input power level. Note that peak power tracking components in the control sample
the open circuit voltage, V.., of the input source when the converter is not in
operation. These components may also sample the short circuit current, I,,. These
25  values maybe used to adjust k or t,, and thus change Remmuisied 10 be the optimum
impedance load. If operation at lower power levels is desired, these additional control
‘ blocks may be implemented.
[0079] Prior art power converters for very Iow power levels have low
efficiency due to parasitic leakage currents and parasitic capacitance to the substrate.
- 30 These limitations are removed by developing a set of integrated converters for high
efficiency energy harvesting using an RF process. This process is based on fully-
depleted silicon-on-insulator (FD-SOI) with a thick upper metal layer for inductors
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circuit current, |I., may be used by additional control circuitry to find
the operating input power |evel and set k. The gate driving signals, gate"
and gatep, are essentially 30 the sane signal when the converter is
operating in critical conduction node. However, both drive their
respective MOSFETs off after kTlr, thus gate" is a |low voltage signal and
gatep is a high voltage signal. Cl and C2 are input and output filter 14
capaci t or Sgng IH3AGedidivi Yurdatk! % rage el ement,
t hus enab?nr ng . start up&}rom zergmmgrgy con r%]@,g u‘?try for this
boost convEpEcasing @ewémﬂ@graﬁhec@menmrwmmmgwdw@o hgwleweltth@ ze r o
crossi ng pgi ﬁﬁ% n, , and
laHadiRbnal BRIGS 335‘0&:%%1 'ﬁ:ﬂtkr'le 1&0@. gH@fl Sfiient

k. This is for exanple ac exenp gg rcult "1860 shovvn in

FIG 18. [W?mwatawé@epowéwelsm@w%mh eslymdieds offidizposi ti ve
i nput i N1t OaflowiR PR Bhidbn éﬁt&llges? lﬂe%eagewér%mmy@dm%%eground V. Is a

negative vol tage nost o tron of a zero-crossing by the
conpar ator@ﬁ“@@éﬁsmﬁmﬁhlagétWQ-ﬁ@Bﬁswtdwéw&C}mm; whichhawgi dth ton. This

pul se | pagsaRkbs alal IR ASLERnA-4fie B Gl L 1500 a5 gat es

and gates second mE into the te1s signal from a | ow
frequency osci I[1$PLFIG. R shqws ong greap Woaﬁ% Qagpalogp?080.Amsehies t hat bot h

Ql and QP o fbesr&vﬂedm%mtﬁumlte S fé&%&wr&%@tor operating

at period, Tw, also _ provides the sane sr gna to power o e conpar at or
and on¥ sH&e- eontrofler; )\merbemﬂreltoé@fﬁmq e syitching: Fﬁ@%’@%tron for reduced
contr ol p%Blok?@@O%@ﬂerﬁt@sQ@%@fsﬂﬁ&g%&%ﬁv&%ﬁﬁbsm [0078] As can
be seen fro ation 1950 t he boost conver oper at es

cont i nuousYofage; @f@ﬁ%ﬂmv?%?ﬂah@ém@m%ﬂmﬂé%ﬁrw'ﬁ@ dependent on ton
since k = el:tmﬁhboﬁtrsldmtw&pﬁetfﬂm@ms%@dcmﬁgﬁaueaéyymaw%g% y the zero

crossing detectin conparat or and, the one-shot are uSed. Hovvever t hese

circuits dPRIRRUSE WWPQUWM@PM%WW%‘FMWS enpl ement ati on of

the | oy f rlﬁg,eaace,hefwtwﬂﬁm{pat toO(Cadg L ANOSe @,Ldng et oRdget Ne Circuitry
to be po q&‘“‘a@l@f at timnmes, Pgirtng on the _input power IeveI Not e t hat
peak power % PRy e ?fr?ﬁ%"?’?@?ﬁg toROlogs e MR ofdbe circui t
vol t age, \fectenn@tmd]h@dafﬂauﬁcysource when t he converter |s not in operation.
These component e, &% SATb el e S19% el Ot Surs Sl |+ These

departing from the scope hereof. It should thus be noted that the matter contained in

20 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.
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25 val ues maybe used to adjust k or ton and thus change R .&ud to be the
opti mum inpedance load. If operation at |ower power |evels is desired,

t hese additional control blocks maybe inplenmented. [0079] Prior art power
converters for very |ow power |evels have low efficiency due to parasitic
| eakage currents and parasitic capacitance to the substrate. 30 These
limtations are renoved by developing a set of integrated converters for

hi gh efficiency energy harvesting using an RF process. This process is
based on fully- depleted silicon-on-insulator (FD-SO) with a thick upper
met al | ay®ILAIMS i nductors 15 and a high resistivity substrate. The primary
advantages in this process for power processing are reduced parasitic
capaci tances, which are up to 1000 tinmes lower than in a traditional CMOS
silicon procgss. SE&CJ}s{eﬁi"foPﬁ&%édtﬁlg%?diB ﬁ%hﬁdnﬁ:?{“kﬁ*%ﬁ@w&{ EdEhRRgy operation,
even at very |low power |evels and frequencies as high as hundreds of kHz 5
(al | owi ng smal powen spee semprisiog ja. fissh antemnegelement gy secood aaienes cle@enty be
construc ' si g/ t Wo- st age i t ched ii0r irQuits,

whi ch ha%‘#ﬂ é%heéﬁgﬁ%ﬁg%das%@%nzdr%gﬁnggvgﬁgw, g af“g\% e gé(fstlgnaé gé%)a?nasrfﬁﬁce}
capaci t ane dorbatslemst kwo p&0H0h efehients? fhid povwer sumececconnditiag yhel RP psivagmtdSe

t opol ogy 2000. -On Eg,g buf fers maybe provided for each of the switches
(S1-S11) et cusreat(n R SPUTFHGHPU PRFehe. g. , control | er 2002) maybe used

Lo_det e mi ne olchfrsliilfibbdiflod Btk ahbIl® RompRilako0y 2000 generates  ei ght
di stinct power conversion ratios fromthe input voltage (Vu,) to the
out put vol t age (Vo@tPpweneonvarterchavingdnpayre copverigr input adgontigured teseceivaal

cont rol %Ei:dg)(gg?‘rg&j%g}cgog%ﬁééﬂtapgﬁi(?g@r#moagﬁ{e%ﬁﬁﬁgncy and topology to

-conti nuou act maxi power att ectennas while storing

t he 15 harvested emdwerpin said phweocdnyertterds pasfiguped 0GiPsentds pdiitiveetiubedient
capacitor _volt bui.l ds, the converter sequences through topologies to
Bl nt ai n T RATECI S S REV BSOS OVPEATBER o BRY TR IePls: lency. [ 0081]
Changes may kg ef@gestofhgh Q6viedoHEighiRi e Soreatl BE FoRRBsotdeigbut pe@BRrti ng
fromthe scope hereof. It should thus be noted that the matter contained in
20 the above description or shown in the acconpanying draw ngs should be
interpreted 8s i || Y8t ki Ordfithn10WhbRisPele R howwék i¥ SRS B nliBRovla0k bBWER
clainms are intended to cover

millimeter-wave power, radar power, and wireless signals produced for purposes other than

%

powering the system.

3. The system of claim 1, wherein said power source comprises 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.
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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all generic and specific features described herein, as well as al

statenents of the scope of the present nethod and system which, as a
matter of |anguage, m ght be said to fall there between. 16 CLAIMS 1. A
system for harvesting radio frequency ("RF") power, conprising: a power
source conprising a first antenna el enent and a second antenna el enent,
wherein each of said first and second antenna el enents are coupled to at

| east one rectifier to format |east two rectenna el enents, said power
source converting the RF power into a direct current ("DC') power source
out put power;5.a COMheOdysReh biPREANG Sufitsteioni@iRingOdd Slectedi® dewitd Powaredover
converter_ having a power converter input and configured to receive said DC

pover soufeR sedsimeeisvice, Waeranseidsatrenal eloptens devices selectedifremehe sapd
power Corﬁf?étn?édida? deABE EUipthnk SniB CHEM pIn@Sd YoV 36k ot S_riﬁto d Eihail | Ve

| oad to said power source over a range Of I nput power ; and "an ener gy

st orage cow, semedied] idgvice fortsensing electomadiidytap cigoalssomedisalbdavingt fopsaneing 2.

The syste f claiml, wherein the. awer. i s one qf . n crowave power,
i1 et oteaeephalhm, S, usficd, 4RAYE o SerBE, JrureBRRR cRr o r

pur poses médicat deviah forpRphint it 4 Bechieas h aitdical deMie foy sdneitig Mlood sagdn Iévelsiher ei n
sai d power squrce conprises at |east one of (a) dual orthogonal | i near

pol ar i zatd Biedicpb AeYiFS forpeve; andecalivlas stimsddsions ap; yPnmesply pazsed SEHOB| enent

has at | gagdstrd) andC&dnhrhélal s@ﬁh%rsl( Bad %ﬁlkesosv&rhmﬂm?é afid lsrlibtire Bt iapdt | ON

el ements, wherein each orthogonal circular polariZation elenent has at
| east onerutazaAtioh eriticall aréBheensgrss essistive déchinology demisesiaircedi deyiosse magiar ce

devi ce cq Lse . P ity,of ele ts, .whekei h ural ity of .
el enent s Jlgsa{cé%ns?’fegﬁ? edﬁwggg’ ar%%gr%“gg?%mn%p ée‘é’bc\égi% [ %néorrg é‘g‘h g% sfggtgyst em
of cl ai msénsofsurdrdeviceq and b power soarcelsedléd @ithia adevvieehnpaieer ed from sai d
storage device, wherein said external electronic device is selected from

the group of a nedical device for inplant into a brain, a medical device
for inplant ig)to aTHRisPAém of claim 1, 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.

7. The system of claim 1, wherein 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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cord, a nedical device for sensing el ectrocardi ogram signals, a nmedica
device for sensing electroencephal ogram signals, a nedical device for
sensing el ectronmyogram signals, a nedical device for inplant into a

cochl ea, a nedical device for sensing blood sugar |evels, a nedical device
for nerve and cellular stinulation, an environnental hazard sensor,

i ndustrial and comrerci al sensors and devices for building and structure
control and automation, critical area sensors, assistive technol ogy
devices, aircraft devices, marine devices, satellite devices, retai

envi ronment devi ceghefsystém o€ olain 8, whéteilawidqwer Sasdrter iy furifen seifiussido

devi ces, and a power source seal ed ﬁ% hin an environnenpt. 6. Thﬁﬁsystem(ﬁ

clai m 1, REFEREP ROSHYY CHRNRIFICIGRYS loadite spidy pavesr SOBISR| Bt cogreprpndp it sBnt a

posi ti ve @diay B8 Msistdiet §f th¥Sodread t 0 said power source that corresponds to
an optimal |oad resistance of the source. 7. The systemof claim1,
wherein said energy storage device is configured to transfer DC power to
at | east one,gf an t ' recten | en i.n_order

pr ove. an gt gy AAPTodbms oS, MR S B flel BRPR AP e Rorh e ¢ cct
current (ffherpomprisssanene@y nianagerasnt ldeviss foraontrgliing at I8t bieof 4 Aty gydtem
conprising: a contyrolled inpedance ppwer controller, said controlled
 mpedancd PouR g o 5ﬁ?‘§rﬂe€1&ww§?(ﬁ5§ w5 8 iy yFRReEPd Aty ROYSE e
conver t ercohvitet; A0 GvHeRih tHitWoRFoll& atifaRle {sts QMY orlofTRE Suth @Y&E KC@BVET t er
input, wherein said power converter is configured to present’ a positive
equi val enenrtsng’sto. \the [low fragyendyepeasiod| Basndohe highvirequenoy oeried dine 0 fmnge of

input p l.s.; j i r from
the at | SuBbcroRYF P ROn e bALADENESN oS wBLE koAl RN S BT 10
power converter is further configured to present a positive equival ent
resistive lo to i d power. source. that corresponds to opti mal | oad
resi stance pﬁqt he 3‘3&# ‘?mt"g."a’ﬂ’lg’ wheremfagk sysie ﬁsr]r%g‘fl_‘eﬁﬁ%‘?fgg"ﬁ“@zgisame at
control | aekst BREERHefoNOWRL fuphéters! & opdnUEitRT vol@ERd SRR ARuRNBHEN:, an
managenment device for controlling at l'east one of "a duty cycle Kk, an "on

time" t..opetingyoktazspud cugremafithelatiieast oge gowensayreef prdytheptipup snirer and, of

t he powe

'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.

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-t0-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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converter; and wherein the controller adaptively adjusts at |east one of
the duty cycle k, the "on tine" ton, the |low frequency period Tif, and the
hi gh frequency period Twto tune collection of power fromthe at |east one
power source while storing the collected energy. it. The systemof claim?9,
wherein said systemis further configured to sense at |east one of the
follow ng paraneters: an open circuit voltage, a short circuit current, an
operating voltage and current of the at | east one power source, and the

out put current and voltage of said power converter; wherein said

control | ed i nRledanCEhepgweem afadimod, lvelierdin saifl eohthslleddmpédagioe powerocombroiléror t he

sensed paranefers, tog present sajd positive equivalent,  resistjve |oad
to the atSHmpEses wﬂ&ﬂ@rw@@aﬁ? gtep B_asivawg AT BR{EQEN RNERE, (B)e%%fs"iateﬁ

par anmet er gep ug,2dowd'8r SPRAbKH BhvéiteR] Whéeinhfd Slep upd déwi (R PARWILHIRErteS One
of . a capacitor and said controlled i npedance power controller varies the

vol t age atomphises gleastionoof thaifellgydng powerspavertsrs: Baslebogpo huckclaosts SEPEe powver
within th citor; and a battery and said controlled i npedance power
controller ‘marntains the voltage at the output of said power converter.
13. The systemof claim@8, wherein the controlled i npedance power

controller conprises a first type of DC-to-DC converter selected fromthe
group of a fobrr-swi ¥t -"li’b%slg’ ‘é’[ﬂ%’é‘r*’é‘r","n@ﬁmﬁﬁ pBWE’kc-(’BBB@?r
convert er gpepat@OAIne GINYFhd Bpen RoP ¥k bne 60 W) idchitinudNS! condubliss hdde eadapi t or

converter. 19 14. The system of claim8, wherein said controlled inpedance
power congritisel eonductiommnddseandd@pa elosgddpop in qostingaus gordusiormodeidnd, or

up/ down convepd L. and %}E}tsroﬁed.' %ﬁé{%@!\}\eﬁﬁg\?erug#ggll&psd&&v@ Dt B0 erter

converter, whererln sai tep up, wn converter conprises at

| east onemodulé hwd dpeeirating mareto aettieveondesirtd input impelanche dorgiropds deadingofsaid
SEPIC, a Cuk. 15. The system of claim 14, wherein said controlled

i npedance® g%ﬁﬁb‘?neé’d’meraﬂf‘éer operates in one of (1) an open loop in one of
(x) discontinuous conduction node and (y) critical conduction node, and
(2) a closed | oop in continuous conduction node; and wherein said .
control | ed i Mfedancthegasiem ofsiaimd), whereimsaid pterage deviepispenignedia RE biasodul e

g?dsgfgr a%ﬂ't &P%Lg‘s&?@aoiﬁ go@'&}go‘ﬁfﬁ% i ofiePloliftfhrdvaRi lenkrd) SHRRG Ml BiciigPer | oading
power source.

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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16. The systemof claim@8, wherein said storage device is configured to DC
bias an output of said power source in order to inprove an energy
harvesting efficiency. 17. A nethod of converting | ow power direct current
(DC) power received from at |east one power source, conprising: sensing
characteristics of the | ow power DC power; selecting, based upon the sensed
characteristics, a DC-to-DC converter nodule and operating
characteristics; selecting paranmeters, based upon the sensed
characteristics, such that a positive equivalent resistive load is

present ed8t o fIhe methddadsiaimria, whmmm@pmmmmmmw; of said DC-to-DC
converter nodul a e ower, | evel s; apd storing converted
power, from saliﬁ's ?et"('i' Iﬁifni‘%‘m ‘?éﬂo ﬁﬁfée‘mﬁﬁr OE'Hé"r t geipag glemgali ce.
20 18. Thgdnet hod of claim 17, wherein said power source conprises: a first
antenna el enent coupled to a first rectifier to forma first rectenna

el ement; andaceandomienantedomant spapledhto asblepsterisecondirectifissto formex srvdnd
reCtIerEm%Qmngﬁk second rectenna elenent. 19. The nethod of claim 18,
further conprising biasing an output of at |east one of. said first
rectenna el ement and said second rectenna elenment to inprove an energy

{ranst or g’ B5ee FSRR 4 e A el rompy o e R gimsbol § st PRLEH St of

an out putirdfre@éind déméd ahe GhidNReorl RERMAa HEmekt t@%a?ﬂive £ eneflyh2RGARE
rectenna el ement to inprove an energy harvesting efficiency. 21
efhciency.

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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