AN ENERGY HARVESTI NG APPARATUS AND A METHOD FOR OPERATI NG AN ENERGY
HARVESTI NG APPARATUS RELATED APPLI CATI ONS 5[ 0001] Thi s application
clainms the benefit of Singapore Patent Application no. 201206658-5,
filed on 07 Septenber 2012. The disclosure of the above priority
application is hereby incorporated by reference in its entirety.
TECHNI CAL FI ELD 10[ 0002] The present discl osure describes enbodi nents
general | y rel sANFNERGINHARMESTING APPARATHS pa¥RAUBEFEOR F@Rhod f or

operating an ener Eﬁe% i t X?@W %O@Energy

aut ononous sensorgﬁ’t a ’Yﬁi(ﬁ;\%@@%ﬁ#ﬁ% r 4 such as
15 light, heat, vibration and radiation are prom sing solutions to
provi de | ong-term sel f-sustai ni ng sensor operation w thout battery

repl acenent. Anong different IL.ent esting approaches,
pi ezoel ectric vibration ener La’ix?%é??ﬁ&%ﬁ&%t S enornous research
i nterest because of a relatively high energy density and a w de

avai | abi I[pog1]of Ehiyi dpplicaiohatlaigite iy baRlt GE'SSingdord Palehh i plibala heen
di fferent probposal s_.and at%gr gaches to enhance the energy conversion

effici _enc%p_lgff’ 638‘6’? et_-tIS‘él‘é’c i ée@?@?ﬁyz% vBt disclovye pfpligy @bove  priority
rect i 1 Cabpanieh IR aeork e B HaBRheER: BASSYe di odes have been

proposed t0 be replacéd wwth active diodes in sirgnificantly reducing

forward voltage drop at the expense of additional conparator current.
Swi tchi ng converters have al so been used to enul ate opti num | oad

TECHNICAL FIELD

10 [0002] The present disclosure describes embodiments generally relating to an energy

harvesting apparatus and a method for operating an energy harvesting apparatus.

BACKGROUND

[0003] Energy autonomous sensors that harvest ambient energy from sources such as
15  light, heat, vibration and radiation are promising solutions to provide long-term self-
sustaining sensor operation without battery replacement. Among different ambient energy
harvesting approaches, piezoelectric vibration energy harvesting attracts enormous
research interest because of a relatively high energy density and a wide availability of

environmental energy sources.

20 [0004] There have been different proposals and approaches to enhance the energy
conversion efficiency of a piezoelectric energy harvester. To improve rectification
efficiency, conventional MOS passive diodes have been proposed to be replaced with
active diodes in significantly reducing forward voltage drop at the expense of additional
comparator current. Switching converters have also been used to emulate optimum load

25  resistance to achieve sub-optimum impedance matching for maximum power extraction.

Nonlinear synchronized energy harvesting methods such as synchronized charge



25 resi stance to achi eve sub-optimum i npedance matching for nmaxi num
power extraction. Nonlinear synchronized energy harvesting nethods
such as synchroni zed charge extraction (SCE) and synchronized switch
harvesting on inductor (SSH) are al so explored to maxi m ze out put
power. [0005] However, the need of additional control and timng
circuitries in the above proposal s often require an external
back- up esxdiagions 6k and rsyngirenizadt switchahdrvesting gn daduojors5¢SEdis ese tahso
sel f-star [J: nergy harvester. [0006] There is as
such a dé%%?g&%gﬁgghpFé?d%P%@ﬁ%?b energy harvester which provides an
effective startup capability as well as rectification efficiency.
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normal energy harvesting state by operating the boost converter
nodul e, and operating the buck-boost converter when an out put voltage
of the power conditioning circuit rises to a predeterm ned val ue.

[ 0008] I n various enbodi nents, there is provided a nmethod for
operating an energy 20 harvesting gpaasakys. the energy generating
apparatus including an energy harvester for generating electric power
from an anbi ent source, the energy harvester coupled to a power
condi 0 orlPA%lci r Sasarding e vayipup gmbpgimentalin terpgeseniedisoiusprpy theea i @savideg
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15  module is configured to initialize the energy harvesting apparatus from inactivity to a
normal energy harvesting state by operating the boost converter module, and operating
the buck-boost converter when an output voltage of the power conditioning circuit rises

to a predetermined value.

[0008] In various embodiments, there is provided a method for operating an energy
20  harvesting apparatus, the energy generating apparatus including an energy harvester for
generating electric power from an ambient source, the energy harvester coupled to a
power conditioning circuit, including: initializing the energy harvesting apparatus from
inactivity to a normal generation state, including: carrying out a boost converter function
with the power conditioning module; and monitoring an output voltage of the power
25  conditioning circuit; and switching from the boost converter function to a buck-boost
converter function with the power conditioning module when the output voltage rises to a

predetermined value.



BRI EF DESCRI PTI ON OF THE DRAW NGS 100091In the draw ngs, |ike
reference characters generally refer to the sanme parts throughout the
different views. The drawi ngs are not necessarily to scale, with
enphasis 5 instead generally being placed upon illustrating the
principles of the present disclosure. It is to be noted that the
acconpanying drawings illustrate only exanples of enbodinents of this
di scl osure and are therefore not to be considered limting of its
scope, for the disclosure may admt to other equally effective
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enmbodiomenfollowing drawings, in which:

FIG. 1 illustrates a block diagram for an energy harvesting apparatus according to

an embodiment.

FIG. 2 illustrates a circuit diagram for an energy harvesting apparatus according

to an embodiment.

15 FIG. 3 illustrates a schematic of a power modification control module according

to an embodiment.

FIGs. 4A and 4B illustrate a simulation made of an energy harvesting apparatus

including an adaptive boost/buck-boost converter according to an embodiment.

FIGs. 5A and 5B illustrate a simulation made of a presently available energy

20 harvesting apparatus with a buck-boost converter,

FIG. 6 illustrates the voltage input/output relationship and the efficiency of the

rectifier according to an embodiment.

FIG. 7 illustrates a time domain transient response of a rectifier with according to

an embodiment.



FIG 8 illustrates a block schematic of an energy harvesting
apparatus according to an enbodi nent of the present disclosure. FIG
9 illustrates a block diagramof a nethod according to an enbodi nent
of the present disclosure. 5DETAI LED DESCRI PTI ON 100101Vari ous fornmns
of energy can be tapped or harvested from anbi ent environnent al
sources. Vibration is an exanple, and various known arrangenents
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[0011] Conventional handling of such a low-powered AC energy generation includes
15 a full-wave rectifier coupled with a Schottky diode to carry out the rectification.
However, the technology for complementary metal oxide semiconductors (CMOS) has
not progressed beyond where the Schottky can be fabricated in CMOS. As such, multiple
available embodiments utilize a diode-connected CMOS transistor in place of a Schottky
diode. Such a diode-connected CMOS transistor would have a gate-source threshold
20 voltage of about 2Vyy, which would be about 0.7V to 1 V depending on the CMOS

fabrication process adopted.

[0012] According to various available embodiments, technological improvements
have improved the performance of a passive CMOS rectifier emulating a Schottky diode.

The threshold voltage for such a CMOS rectifier is provided as Vi + Vps.

25  [0013] In other various available embodiments, an alternative configuration of a
negative voltage converter (NVC) formed by a plurality of transistors is provided to
emulate a Schottky diode for rectification. The threshold voltage for such an arrangement

is provided as 2Vps. However, it should be noted that the 2Vpg voltage drop only applies



is provided as 2VDs. However, it should be noted that the 2VD5

vol tage drop only applies when the input swing is |arge enough to
drive the sem conductor transistors into the saturation region, i.e.
where the sem conductor switch is considered active. In such a
situation, electrical current can flow freely fromthe collector to
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20 [0015] As a result, it is presently recognized that amongst the available energy
harvesters with power conditioning circuits with self-startup capability, a passive rectifier

is still preferred for efficiency.

[0016] In various available embodiments, a body bias technique has been proposed in
order to improve rectifier efficiency. In a power conditioning circuit of such proposal,
25  corresponding PMOS transistors and NMOS transistors are provided in a NVC circuit

arrangement. The CMOS transistor threshold voltage can be described as:

Vi =Vso+ 720 Vi 28] 1)
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substrate bias, 2+F is the surface potential and Vgs is the
body-source termnal voltage. It is noted that Vth can be reduced by
i ncreasing the body term nal voltage VBS. A sinple body bias circuit
is proposed in various avail able enbodi nents by using a plurality of
5di ode connected transistors to divide rectified output of the NVC
which is then fed back to bias the transistor substrate. 100181lt has
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parti cul apltgdrop infodutlsSs RiYhGeakage current through the body diode especially when
the input voltage swing is high.

[0020] Embodiments of an energy generating apparatus and a method for operating
20  an energy generating apparatus are described in detail below with reference to the
accompanying figures. However, it should be understood that the disclosure is not limited
to specific described embodiments. It will be appreciated that the embodiments
described below can be modified in various aspects, features, and elements, without
changing the essence of the disclosure. Further, any reference to various embodiments
25  shall not be construed as a generalization of any inventive subject matter disclosed herein
and shall not be considered to be an element or limitation of the appended claims except

where explicitly recited in a claim(s).

[0021] According to various embodiments, depiction of a given element or

consideration or use of a particular element number in a particular FIG. or a reference



thereto in correspondi ng descriptive material can enconpass the sane,
an equi val ent, or an anal ogous el enent or el enment nunber identified
in another FIG or descriptive material associated therewith. The use
of "I" herein neans "and / or" unless specifically indicated

ot herwi se. 5[ 0022] The present disclosure can describe enbodi ments of
a consuner electronic device which can be operable in various

ori ent at | Bfsto igferesponAing dssrsiptive petelinbeansanserdpash de s, ot eqiealendy ors
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conputing systemor a controller or a mcrocontroller or any other
syst e pr{@v2a]i ngThe predetsditdiguragmbddstribe @abbdd@erits ©F aNdoash & CaEdHionR:
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recei ver . whenmsednihe fdlpwing deseripgivhank weed for conyenirmca andiozid hislerstanding,

for exanp . i (o] CCess . Qr ,a non-vol atil.e
rormor v Ty eE s HIAE A SBOED TR SRBEIC I i PSR ER el
( Er asidbl eretiii} , mEERROM a28stehd ocappaishi or pradrblitcoeddng O Rcbddigh
menory, e.g,., a floating gate nmenory, a charge trapping nenory, an
VRAM (thﬁgP esi stive Random Access Menory) or a PCRAM (Phase Change
Random Access Menory). [0024]In various enbodi nents, a "circuit" may

be under s0oz8] asAadynpatifg s@fen? of 8 GbirdIEP bE ARMIEIBEhtRAMet by anyVdih& vy 5eM
be special purpose circuitry or a processor executing 25 software

stored i rPravifiBgGrRrocesip ility, parghR preesrtsidrase e mattn #pEs credimanis ian
enbodi Menh, pRseftidiktshre. SBh PSyded 208 vWIEIRY th QIGdCE Hidtkdso R TH system
progrannablg logic circuit suc% as a programuabl e prgcessor, e.g. a
m cr or oceswding (te verious e@hopinesats qas tinalwdei 2orpnSellerGatniplutmay irclld8@) memory
Processor,Qtn & oer'\%l%gnei\p elugesz Enu&}eip?'cr)]cg:gﬁg gé)nqgél tmei\tr by portions of the receiver. A
memory used in the embodiments may be a volatile memory, for example a DRAM
(Dynamic Random Access Memory) or a non-volatile memory, for example a PROM
(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM
20  (Electrically Erasable PROM), or a flash memory, e.g., a floating gate memory, a charge
trapping memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM

(Phase Change Random Access Memory).

[0024] In various embodiments, a "circuit" may be understood as any kind of a logic
implementing entity, which may be special purpose circuitry or a processor executing
25  software stored in a memory, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex
Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer

(RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind



(RISC) processor). A "circuit"” may al so be a processor executing
software, e.g. any kind of conputer program e g a conputer program
using a virtual nmachine code such as e.g. Java. Any other kind of

i npl enentation of the respective functions which will be described in
nore detail below may al so be understood as a "circuit” in accordance
with various alternative enbodinents. Simlarly, a "nodule" is thusly
def i ned o campuicr pPmgram, &g B cOPPrENPrEHm dsing a votuahmadhise erdscdinent.s
in the pr nt , di . : 0 "circuit’ as ahove, .or
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for canveysieRhctGdRiz®6 Vi lenBB8intits ih the/HEdRS s @IRRMUIERLBencBRpass a
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el ectricaj.epergy. In various embodinents, a piezoel ectric-based
energy harvesting apparatus is provided to tap on an anbi ent

vi bration source to convert kinetic energy to electrical energy.
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by the representative current source 112. [0027] According to an

embodi nerftiezoglgeirig hapgsterol 1 & ingluggseispresentative cumerny sawree 112 which represeniged

to a po L&l oni I j 2 | . an [ t.. .
condi {1 ony o e sertiof sBieal dpbeglHom) RinBfl, RABRGL TE pipediHevice
t o r éfei vmedhhmcal obtray eis otnpertedofintp hele@iiea oeeegyt. r inc vimdwuse stmbodithtsf ar
rectification, i.n iC e generated AC e|lectrical enper i .
Conver t o ¥k T e REma g e atitet i FlefPep it Bt Rl anvipsg,
I n an enmthodBitnts, tthe plea6dledtie md@ | can 1b30anyS o o £ b fikdokeRAtricClriydall t
including . a plurality of mcro-controller 5 controlled sem conduct or
swi t ches PiFRelaATie idlasifginnatetitlea syethetiq giysiab duivatheBo cpigpic derolgmer,
negati ve yolt&agsic PR 'k ShicChdndstinfentrNYfy va‘r@ﬁé Hﬂb@ﬂn@nt@{ g(ﬁj':ﬂ.l:ﬂoléfec%nic

seni conductor switches for rectification of the genera el ectrical

ener @p. Anéchianiprlospistées i erowdsidt fgepicaetactriccbarvestingi Fiwther, a conditioning
fr:stg EIOLIS ¢ gﬁ% ?,cfétg{ }ﬁ?lﬁ gé;l/s?é)xlﬁ%gg% (f'cfr{gtﬁ% Is@\%l)tg'g%t o%% a‘ftglbnggﬁgngpr}e%’t (‘g&? Slectrical

energy generated by the representative current source 112.

[0027] According to an embodiment, the output of the piezoelectric harvester 110 is

provided to a power conditioning circuit 120. In an embodiment, the power conditioning



10[ 0028] I n an enbodi nent, a body bias control nodule 140 is coupled
to the rectifier nodule 130, to provide an inprovenent in efficiency
for operation of the rectifier nodule. Further, the body bias control
nodul e 140 provides for an adaptive nmethod of body bias for control

of sem conductor swi tches which further inproves the efficiency of
the rectifier nodule 130. |In an enbodi ment, the adaptive nethod of
body bi ascienitda inchides a sectifipr wodile 39 anfignisyl 10 recsivb theodtsgotuipuiof theg e

Fgg 53} 'Ag Olgg Iefﬁ@ﬁc%%megﬁggw%& rrec%wc§t Aﬁe& wﬂlrcﬁlale n%e?lg}ageg: £¢ efsggjgﬁﬁnergy

i ncl udes ia cmmmﬁed roal inhikdisgctiaral dnehnlcmréxﬁQDtpelcahoamedengg Elmnaaﬂlihmﬂtmmt
to the el ctrl r ener at ed b t he zoel i ¢ harvester

110. Accoﬁa.r?f‘& maﬁﬁsﬂéﬁf AR ftectricple %M?ﬂwﬁ% pi Lgeﬁw Frgcrpenntrallas o
i's coupl egnirfllesettiédadlictof swifBed. 85 hh tin®BbdifREY lt}% é@&h@%&&r {90ERcigeds @
nmodi fication of the rectified generated power of the piezoelectric

har vest erd npgatiya walisseliceaysrter tdisuiy JRBfOntgludingagi ldnfahﬁd 9f esemBEnductor

i ncl udes s%@%h&dﬁﬁﬁ" fifidnfon SAHEL g%e%%{%gedte?ec\/r?cral Qrgi?%f Wﬁ%&%bs }om%oltage

i nduct or provi es an ener orage capa € powe
nodi fi catliecttﬁqaﬁoiutwahd&m sighiFioanit fgrataind veploage rdropo di 1[11 othkr embadichehte, dthét

to 25corres n ni ate e ctrical energy received fromthe
rectifier™ ﬂgﬂﬁ %@éﬂmrﬁﬁgﬁ%?PHW& iy, vibrations can be under st ood
to be a relatively small mechani cal novenent, generally oscillatory

i N natour 00E8)r t hBr gn érhleodinePe bedy bia€ cdiroy el 190 i§ baipRidas end rectifier
di scl osure '? intended to be relatively spall and |i kew se, generates
a rel ati \}E?fbl Srtat e PEVide) fhimBipVEEERRt mf #ficienayitreopergion of the rectifier

sel f - sust@bdHid FusBES e BRR! HiLAdnBBS mothl Ao plrcw;aéé%r QPQ@%EvE)%{od of
requirenents for opération. As such, a power nodification module 150

i s typi catody bipsdendoniral qfrssw@nd'gttm“eﬂcmﬁa&’hldnﬁmﬁlem inwroen dreatfEdiency of

el ectric h \ us .enbo t e

oot o SRR LIEL S SRS AR NGNS STRGFLIE bt

aut otlsansfaproved effmienay BCsubGhesshale rvbhiigevdjjefahog efdieatMicoadiiighwritchest gfut

5 voltage % %tude I 31] According to an enbodi nent, a power

modi fi catPOFFCERgR ul e 170 is
[0029] According to an embodiment, the power conditioning circuit includes a power
modification module 150 for providing an adjustment to the clectrical energy generated
by the piezoelectric harvester 110. According to an embodiment, the power modification

20 module 150 is coupled to an output of the rectifier module 130 and carries out a

modification of the rectified generated power of the piezoelectric harvester. In an
embodiment, the power modification module 150 includes an inductor 158. According to
various embodiments, the inductor 158 provides an energy storage capability for the

power modification module 150, allowing the power modification module 150 to

25  correspondingly manipulate electrical energy received from the rectifier module 130,

[0030] Typically, vibrations can be understood to be a relatively small mechanical
movement, generally oscillatory in nature. Further, the piezoelectric harvester of the
present disclosure is intended to be relatively small and likewise, generates a relatively

small electrical current, for example, for self-sustaining sensor applications, which



provided in the power conditioning circuit 120 for the control of the
power nodification nodule 150. According to an enbodi nent, the power
nodi fication control nodule 170 includes an oscillator nodule 172 for
the provision of variations in a control signal for 10 controlling
the activation or switching of sem conductor switches provided in the
power nodification nodule 150. The oscillator nodule 172 is useful
especi al | pclpde metlest powierfrequitsmshisdor exterasionods such, ppovesr matifidation triodnle

nodul e 1 i al it - r Suppl r wi tchin

Fegul at o d® R sk sEA P 3R BB ANG o e R echiel S0 e
el Sp; ri c?@cqommg' to \Z‘asll 'bﬁ@gﬁ]{;d&ﬁlﬁl%ﬁl!tl‘l@pd\gﬂaﬂocﬁﬁ&ﬁ?h mtlledlﬁlt]&;i_ﬁ)ﬁw%teg-u
nmodi fication, control npdul.e i nc es a contyro|l nodul ation nmodul e
174 for CERORPEaP? AYO m#merﬁsqrgﬂﬂ%bﬁ?@ aowserp‘a@@{l SRBARIES @ Aighghoutput
nmodul & 15Qasdmaghig@bodi nent, the oscillator nmodule 172 works in
conjunction and 1s coupled to the control nodul ati on nodul e 174,
where the control nodul ation nodule 174 receives control indications
from t he [8834]| | aferordipa e én jeppbodient.ge pever Bdidisationoponiiol madyleahtd is

nodul at e i i : i i ] .
sui tches T ERCImne pow Lo Gk P12 P sploita Dl i Bb Gk Clion
enbodi mermeduld éShoveprdingntdi 4ni embaigmenity thaipowe? hollifieti@r cintiol urd:d?leaw 0

t orage capagitor 22 fo cei vi ng the ner.ated.el ectrica
aner gyt ORISR EDaF Seblec] Ray dicidpvition VT Vaiaiens iba gomes eeh r
stordge aepaellih@theGRtidddn & H@dRing @f kenidbnddtod divRtHes PhoidtR ih8kd pd @'
130. In an epbodi nent, the stora_ﬂe capacitor Cs 122 is _coupled to an
out put - ofmediBcasgRaRodwlaf 10- dAe iosrillept Barele 158 is werdulsaspecigdly iaplation &
Cs 122 Stc%hﬁéur%rf@ie{hg}fyofufepH]oQifﬁ:%f?ﬁHSgl%Hﬁl'eclgg?lf‘ﬁ@;ﬁ&}?éisév}tghe%qqoc@ﬂd“fréred

by the power "nodification circuit [0 According to an
enmbodi mersupplyloe aswitcling seautatat ipypravived Soreffigentcapaasivnor @epa@up of the
thereaftetag?c#j.scedp?(g“qerpomr a |l ow drop-out regulator (LDO 124 in the

power con ning circuit 120. The LDO 124 provi des a conti nuous

regul ated stable power supply for a |oad 102. The load 102 is
r epr dsent[8032 el yAcddrdisg rtataecenasodaneesihet miweroaedificaiod control module 170

includes a control modulation module 174 for communicating control signals to the
power modification module 150. In an embodiment, the oscillator module 172 works in
conjunction and is coupled to the control modulation module 174, where the control
modulation module 174 receives control indications from the oscillator module 172,
20  generates control signals and modulates the signals for operation or switching of

semiconductor switches in the power modification module 150.

[0033] In an embodiment, the power conditioning circuit 120 further includes a
storage capacitor Cg 122 for receiving the generated electrical energy from the
piezoelectric harvester 110. In an embodiment, the storage capacitor Cs 122 is coupled to
25  an output of the rectifier 130. In an embodiment, the storage capacitor Cs 122 is coupled
to an output of the power modification circuit 150. The storage capacitor Cs 122 stores
DC energy from piezoelectric harvester 110 and modified by the power modification

circuit 150.
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5 can be any application to which the energy harvester 100 is coupl ed
to. In various enbodi nents, the |oad 102 can be part of a sensor
systemwhich utilizes power generated fromthe energy harvester 100
for powering up and operation of the sensor system [0035]1n an
enbodi ment, the power conditioning circuit 120 includes a bandgap
reference 126 which provides a stable reference voltage for all the
active cil083dlt s. Apeprding te gpsaibediment, thiendsandiged hetherstoress gapacitor Cs
provi des S f e t of .t ' 0 i t,ches
i1 zed 2 FrdeRafd BR8Ny £3% Rk SEMLERIEHO LI RE Bovere
bandgap reehditiening cli26it daf. Bhe LOEH 120 Hrdvadh Di@sincoust feghlajetd stablofywer

bi as control duj e h fficient operatign of a rectifier

modul . (VB8P i 10 |T§}§T(fﬁ§tl_82 isyeprepeitve il_ﬁwrawfaaﬁr%tcgmw and
har vest i ngnaRpady2 bpiflicdRorA &S Whiihnthet Grefdy BRADQHRID is ApRAGLNTh HRHAR
enbodi nent, an energy harvesting apparatus 200 is provided for the
conver si c¥akodimes, dittlogd Higandbsaprtwfe ﬁqﬁpwsteén‘éhxgguubzee pewer genetated

, S . . ; ;
embod: mrerror 1 Ached HRLREEFI Rt how el 33T or ofen P B e
harvester 210 is provided as a voltage output to a power conditioning

circuit 2903511 n Enan 2abedityedi, rthe poweih eonditivaingc oirmbitt 1 26ninabpded r dundgap20
i ncl udes recti.fier, .230. ment.i,oned abov it.1s esent | .
recogni zergfef%lg% lglrgm“r’lhgléll P f%’éaseg\?a%}?lgﬁlr t(‘cj:reeﬁ‘éer ﬁ?e/“a}ggrf\c}ﬁgltl Bf‘% a tvtehéif%ﬁ%rm
condili0i ordnft@dirhdnty)ithe bahdgap Siefdrerst aoUprotidpalai dtably reféreféd SbN&e of the
rectifier is séi | | pr,egerr, d c{)‘gr effici enc_ﬁ. .The passive rectifier
provi des SSRHGORIYGLQY Sl ?Sg}l“i‘ée tthe PRIVSTSgndiHRNIBS FiFrudlt 120+ Iy epofigeent,

From a canpakhd@p referdnb€ 120US RViREN 3B BoBNEREYomtBI NSt bW bias control
apparatuses, it 1s 25 noted that the effi'ciency of the passive

rectifi canedle for thewflicipny opératiemefra wetifermwdulee overal | system
efficiency. It has al so been determ ned by the inventors of the

present dugsosu,  Halludruk@s ARkl SHAG KBS kel LRKE SRRl

t he passive rectification circuit Is I mpor tance he o
syst din efakcmilimgctp. an [ @R[N0 AdEengingoteaan eerblodiiment ant dnergye bbrvesting

230 i ncl udes ralit. em conduct pr swi tches arranged as a
2 oat | ve el 208 Rrhtide o 35 PR ERER b B e LB e ey to
vol tage repetridal amidy00tiNdihd® plezétl &h@hdvaapp1d.orward vol tage drop. In

an enbodi nent, this advantage is nmade possible with the provision of
i nst ead of

a netal - @E 5 sem c noguctor (I\/%)c structure, ) .
di ode- c_o(r){ﬁ ed B ARsiaeshEcts Fetical eReTBY exrafiaied BY ot atipocierisiegy
har vest i n@AnapAD B SREviadHads vaRRE ianRE PP BYSer CDRGiBRRY RSN 288, 1hhg
MOS structure allows for a m nimimforward voltage drop of Vm
20 embodiment, the power conditioning circuit 220 includes a rectifier 230. As mentioned
above, it is presently recognized that amongst the available energy harvesters with power
conditioning circuits with self-startup capability, a passive rectifier is still preferred for
efficiency. The passive rectifier provides an initial charging path during the cold start-up
period. From a comparison of the above available energy harvesting apparatuses, it is
25  noted that the efficiency of the passive rectification circuit is of importance to the overall
system efficiency. It has also been determined by the inventors of the present disclosure
that a low input swing range in the provision of the passive rectification circuit is of

importance to the overall system efficiency.
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[0039] I n an enbodi nent, the NYC 232 receives a voltage output of the
pi ezoel ectric harvester 210. In an enbodi nent, a positive pole of the
out put of the piezoelectric 10 harvester 210 is coupled to a point A
on the NYC 232, while a negative pole of the output of the
pi ezoel ectric harvester 210 is coupled to a point B on the NYC 232.
According to an enbodi ment, the NVC 232 seeks to reduce the diode
forward vi@P3%ge Arepdibg tonen vembrglithenis the oestifien 230 ethcBydies @hphwplity of
transi st Oge&i&%éuctglsgitcﬁg 6a a%ggc% aé pné’@{ib@%ﬁtaﬁ%&@eﬁgﬁﬁi rIl‘fﬁ'\ntion d, the
transistors are sem conducto Fansistor 5, PR vari ous ‘ehbodi Hent s,
the 15 tN¥fspsvides valtageanytifinagowfwitoti pelgaificafiafswaidovolape deod. ilelal
effect transi,stor. ar i ous, enbodi rreff@itlg, the transi.stors can be

r

l. )
provi ded TRPOGHY fhis 2 LanEe someds R withjthe REyisipn 95 () mtalipxide

enbodismenfemidotBudior IO STBEradtue X indRad VN diR ek Qfed( FMMBlor hapadvidaars.
PML 234 and PWM2 235 are provided and coupled to two n-type netal

oxi de 20 Heserdpavhilabls en¢mximyestingngpareigses andps meadngd dbowep Thaprovigion
f NY. T, ' the P h t i st
orma g 0S8 J?r%ct(flpé‘zﬁiowggr'opaeﬁl“?xggﬁlflﬁﬁ%aé%fa%gg{o og“rﬁgs ransi stors

IS provi ded as a or 0ss-coupl 1 ng imbodi nent ,
during a positive half-cycle of current transm ssion, PMOS transistor
PM 234 dABNIMOSIN ancgmshiogitmoent Nve NVI723 1 repeives, a \olliageottpht cd\iee fiezmrlebirico

the outpuyt via B 34 and returns ta.B vi 237. j,ng .t he 25.
negat i ve%ﬁ%l‘fefS f%rcfc ‘e?zn an@gm%ﬁ% AbPS1H%% pf’@r ﬁN['vﬁL‘r‘? O%lﬂ%mg‘egﬂﬂoglﬁmc
PMOS 100 dyhagwesteNMOGs hoshledtoer goi@ds. b the NWIC 2321v¢hi MQi ik gattR SRRLIAitNEdtput
W t hout ar%y need of dynam c bul k regul ation. [0042] 1 n_ providi n%_ a
body bi aLtdBpRisrasiactictsrvestse 21 GistGoppled thapmeBasghe NV d32. Hicserding to

control rgdithgoddent! sllleowd: ded aRek RS Q¥dudeshd gﬁo&hfowﬁat ird’iﬁlgén?firﬂf@y()f

body bias for control of sem conductor switches in the rectif

modul e 23ucludipg diodi wepss-gormed rvdighing niransistoes 23dy 285,a83@oR1 7. oln nodhmise

240 i ncl litv. of sj ipverter .circuits, The,ouwtpu f
Zhe body afbRaindie! R ddnkisfl 8l TBnfoh A b 1 ol REnBitiRELs By
and NBI' itransisfosshararaayponevelde bigoda kransistoh @nd @cfi¢lfl i effectnmahisiseor2 BO viriius

control of bt e 5sem conduct or sw tches.dé 4-237. {) 043] According. to an
erbodi mertTPORERET R Y HrARSIS{ogh cAB| be BRI b A cPlitfe SSable semiconductor

switches.

[0040] In an embodiment, two p-type metal oxide semiconductor (PMOS) transistors,
PM; 234 and PM, 235 are provided and coupled to two n-type metal oxide
20 semiconductor (NMOS) transistors, NM,; 236 and NM; 237 to form a NVC 232. The

coupling between the PMOS and the NOS transistors is provided as a cross-coupling.

[0041] According to an embodiment, during a positive half-cycle of current
transmission, PMOS transistor PM; 234 and NMOS transistor NM, 237 turn on, current
flows from A to the output via PM; 234 and returns to B via NM; 237. During the
25 negative half cycle, PM, 235 and NM, 236 tum on, and the current PMOS body and
NMOS body are tied to Vo and V. respectively without any need of dynamic buik

regulation.

[0042] In providing a body bias capability for the rectifier module 230, a body bias

control module 240 is provided and provides for an adaptive method of body bias for
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inverter circuit 244, which further includes a pair of transistors, a
PMOS transi stor 245 and an NMOS transistor 246 connected in series.
In an enbodi nent, the source of the PMOS transistor 245 is provided
with the output voltage of the rectifier Vita'. According 10 to an
enbodi ment, the source of the PMOS transistor 245 is connected with
the output of the rectifier 230 VREC during the start-up period. In
an enbodiahel of emienndpdon switples Nivother reptidies trapdupet @30.s Asoendingt & ano
ground. | o di j . d [P 0

Todul e 240 RS KAty s WnGUDRRNTE B shelfeet A MBS0 E MBS ey
conf i gur edrciitd. ditralutppt af tHeledf ibiastconmylenbditle 24G isca paitibf re2ddnce Modtages

i nt er nal P transistors are simlarly co ted as th

VS and TN Dot B oo viged vtk fo Riaver it hdbla D fonactioph gt the
out puts ofsefni@nfihdtSiswita@rizarnsgircuit 244 is provided as the reference
voltage NM' while the output of the second inverter circuit 248 is
provi ded as the reference voltage PM_ which is of course inverse to
NV 20[ 0048131n  affcendiBgitoran embpdimenh die brdysbianeanie] megelg 240 2agudes an

i ncl udes ja,GRIRRLAL 944, IR HMUHHE: ih§luH§se£iF£i9 of %Mtﬁsw O @hnstr RS

vol tage of the power conditioning circurt VBB wth ‘a reference
vol t age pnd\andeMIQ tratséstor A4 aapendsiaddigaserieR dn awearboligueni, shé sewer of than

t he band t jd. indi.cates Lhe jnput. vol e fr t he i
pi o200l et 108 b HEL 24 ispouER A e Bulpfbie? ot B e BnY vero Aseretingn
of bddy dbadembadithchf)ehedmstiRuiof e FNOP ataadiSbr 245 id4@nnstictl withithe Sutpht of
that the god _gnNk%g P transi stor 244 will be connected to VREC
and body B T¢fEe VREQHETE G sErsmpeiodp dn @ sRbediEnt dhe puergor the
[ 0046] Pr oypdisneansidfel 246)isa8RR:1Mqo PRANa.Pi as circuit can effectively
reduce the transistor threshold voltage during startup of the energy

harvesting %fparatus_ When input_voltage i s high enough, the body
bi as ar e [B¥4 cheficwadirg tte aoemhrdiment b bady dizscente! maekileagél tirrigh

body. Thi;g.fdds GWeborkBRvER: Egkdiyz&%%ﬁ@gye ge(nnﬁ fed ig{%%agg)ia AR SCLTL er

harvester energy source, and as suc require’the provision
and d@ppaitcuip 24bhnThaixitérnarFMER tmt PMOPD @4ididtors cane emdiladiy nenbectddhas the

pover  conglHsOM MAMIY G4hdstdE In M HISRveRePUEt 244. The output of the first

inverter circuit 244 is provided as the reference voltage NM,, while the output of the

second inverter circuit 248 is provided as the reference voltage PM,, which is of course

inverse to NM;,.

20  [0045] In an embodiment, the body bias control module 240 includes a comparator
242 which is used to compare the final output voltage of the power conditioning circuit
Ve with a reference voltage provided by the voltage bandgap 226. When Vg is larger
than the bandgap voltage, it indicates the input voltage from the piezoelectric harvester
Vin, is large enough to cause the conduction of body diode, and the output of comparator

25 242 will flip such that the body of the PMOS transistor 244 will be connected to VREC
and body of the NMOS transistor 245 will be connected to ground.

[0046] Providing such an adaptive body bias circuit can effectively reduce the
transistor threshold voltage during startup of the energy harvesting apparatus. When input

voltage is high enough, the body bias are switched back to normal operation to reduce
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5 nodification nodul e 250 coupled to the output of the rectifier
nodul e 230 for nodification of the rectified output of the generated
el ectrical power fromthe piezoelectric nodule 210. In the

enbodi ment, the power nodification nodule 250 is configured to boost
or elevate the output voltage levels for further application.

[ 0048] Accor di ng, an enbodi ment, a discontinuous conducti on node (DCM
10 conbi nstlaen tigesh bpdnohbis riiwkiticen hsufklybpryesred byvibe tinputi piegelseiriged
as the p I Y Ves
e a | o Shonsf 3hurds JH e BoBEM: e ROBIoVISE B lopBRYR4E
sub- opt i mixiliampleadi@nce for energy extracti on can be synthesi zed
regardl ess of the variation in I oadi ng condition. The DCM

non-i nver K- boo con e er rovi des i npedanc tchi ng for
mexi mim elpwﬁy Factt oﬁmé B eﬁu?onsgllofnéléemb%g ?%Oga.cﬂaﬁs 3ap‘?"6?fs
enbodisrrenhsdlﬁtdmnpﬁmeﬁlenm fcoapied ap medudltputl BE | thiel @8ctHich 0asdule arperdrer

nodul e and buck boo E% converter ule. In various enmbodi nents, the
power nodhPdificatiogno IrECti Hdl GH’@E" i s genesicrk relssiricab omet afiemathe

buck- boo%lez%eﬂyﬁ'&tlﬁédurmqyd) eInPhe VentR it Stﬁ@%%%?h)bdfffb‘ﬁf bR 250 is
sem conduct or sw tches and components. Z0[ 0049 Corrpare to non-11inear

synchr onlcpeﬁglgn‘étcghpoh@r\ﬁbyﬂteﬁhQMVphagﬁds‘eﬂdﬁ fonfuetber apiphicatioai | abl e
energy harvesting apparat uses, a DCI\/I buck- boost converter utilizes a

si npl er %mtec HESainbl 6D SRORNIES aescﬁToBR o%lﬁléonaha%nh%od agbem

response to se no e energy source us recognlze
i nveritor S:om‘lmtahen proeste Ntnodrigedrosgl rbmck-hadst tdrmav@fém/l iy urovided sts &mnpmvérer

and net hods t|||2| nverter are m) SUI bl e 25f or w
oer endpabiten Aiie AT IEEAE: At ke i n fo R Tmpedince
enbodi mendonvérite. BPRRinGdts RS ublpkimAPRSIedSRB VY &iRFgy2dXrabtfon can be
provi ded by _an arrangenent of a plurality of transistors. A first

PMOS t r arfgiibedigedorsga Lesi)PB\'}lﬂedéﬁlﬁnﬁngeﬂp ing awuht&mﬁhécDGM senrinyerting
t h C € I 1 €n
ol t e (RELBLOG et B6rob AR )T fectharchille (SEAL LA erbil oxfiRicH e

vol tage of the PMOS transi stor ete mne as in
[ 005 1PA fawtnuhevolipgs boostingMbS Yarmmmhmdgnelﬁﬁahanmb“%&nodiﬁeatmmomodeld

in paral d Ied sour, and t ween_ vol t REC . and
oround. TioBAts S8R, S6uBhe PHESE Re TRk herE SR et i, BE Vet
determ n&@hliodnﬂmts Lo Wz InG i Adubioh RpidnleGlabIGEN 4 E@d%ee&ﬂv‘éﬁblymod\ﬂe and a

i nduct or %%8 i s coupl ed hetween the source cqQnnections

transi st GMEk-Dagst &WH’eEtS’BmOﬂ‘éBQﬂqvﬂﬁdt‘%’eiep%te]é’c‘i@@éufaﬂ @a@wzlebmrog swifehssed
in seriesnMcbRpbltgist ransi stors 254 and

20  [0049] Compared to non-linear synchronized energy harvest methods proposed in
certain available energy harvesting apparatuses, a DCM buck-boost converter utilizes a
simpler architecture which consumes less power. It also has faster response to a pulse
mode energy source. It is thus recognized by the inventors of the present disclosure that
the DCM buck-boost converter and methods utilizing a DCM converter are more suitable

25  for low power energy harvesting applications.

[0050] According to an embodiment, the combination boost/buck-boost converter
250 is provided by an arrangement of a plurality of transistors. A first PMOS transistor

252 is provided in series, and coupled at source, with an incoming voltage input Vyge of
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256. According to various enbodi nents, active di ode 260 can include a
PMOS transi stor 10262, a hysteresis conparator 264, and a di ode 264
for conduction during a cold startup of the energy harvesting
apparatus 200. [0053] According to an enbodi nent, a power nodification
nodul e including a reconfi gurabl e boost / buck-boost converter is
proposed to further inprove the cold-start up operation and

ef f i ci enctpe aectifise 28 ebhpysatmvoltagei o gha B S trassistan @5 D iswdaterminidf asciapiton

15nmodul e @oggs in a boost node during the cold start-up period to
boost the output voltage. [0054] As nentioned, a DCM buck boost

converter can provide synthesized inpedance to match with the energy
sour ce, i10851]t heAphshaglaacf NMORdrangstomsy 221 d Meaxierpm;ﬁdddﬁn ipa;aﬁdlaamde

RIN and in t/o t a 1 r of th buc 00S onvert r
rode v 1 NoREet AR LB e dn e Vg L P s TS Rt Bt e
5 NMOS tran31stors 254 and 256 are determined to be input CLKN and input CLKBN
respectively. An inductor L 258 is coupled between the source connections of transistors

254 and 256.

[0052] Further an active diode 260 is coupled in series with the transistors 254 and
256. According to various embodiments, active diode 260 can include a PMOS transistor

10 262, a hysteresis comparator 264, and a diode 264 for conduction during a cold startup of
the energy harvesting apparatus 200.

[0053] According to an embodiment, a power modification module including a
reconfigurable boost / buck-boost converter is proposed to further improve the cold-start
up operation and efficiency of the energy harvesting apparatus. The power modification

15 module works in a boost mode during the cold start-up period to boost the output voltage.

[0054] As mentioned, a DCM buck boost converter can provide synthesized

impedance to match with the energy source, i.e. the piezoelectric harvester 210. The input

Vou
impedance Ry and input/output voltage Ve L of the buck-boost converter in DCM mode

is provided as:

v,
20 R, =—= 22L (2}
IAVG D TS
VOUT =D 'RLTS (3)
Vi 2L

[0055] From Equation (2), it can be observed that the input impedance Ry of the
buck-boost converter is independent of the load and only dependent on the parameters of

the buck-boost converter. From Equation (3), the voltage conversion ratio can be
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-D 11IR LTS I i IN2L [0055] From Equation (2), it can be observed that
t he i nput inpedance RIN of the buck-boost converter is independent of
the | oad and only dependent on the paraneters of the buck-boost
converter. From Equation (3), the voltage conversion ratio can be
determ ned as bei ng dependent on the | oad i npedance RL, clock period
T" duty cle D and inductor 510056] According to an enbodl ment, it
is pr opos‘i;‘t‘?rtl’éiledtaﬁ being d@h@ldp@mt présiidfimpedanen Rppderkeperisd Tagiugy exsdsD
converter, CQ)Q?st circuit during the cold start-up period. This is
5 due to t oost converter having a higher voltage conversion ratio
as conpared W|th a to buck-boost converter. Due to the higher voltage
conver si df0F@t i oAcedrding yo e ambedimbhigittio pwpbdedso atitizame wowbr modiGivation

t | t d RI. N. th ut
e ol 08, QAN BSGSDES, B 0F e OBl g put e
| AVG5D2 duS tdAhe bbOstonvetter Aavik®PRhikher voltage conversion ratio as compared with a to

buck-boost converter. Due to the higher voltage conversion ratio, the system is able to
self start-up with a lower input voltage. The input impedance Ry and the input/output

voltage relationship M of a boost converter is provided as follows:

v, 2L (M -1
R!N = 7 N _ DzT ( Y, ] (4)
AVG s

’ 4D R, T
10 OUT — ‘R T
U 2L

[0057] It can be noted from Equation (5) that a boost converter can provide a higher

)

output voltage compared to a buck-boost converter under the same loading conditions.
However, Equation (4) indicates that the input impedance of a boost converter is linked
with load resistance Ry which may have large variation during operation. During the cold
15 start-up period, the input impedance Ry of a boost converter is equal to the input
impedance of a buck-boost converter. However, with an increase in the output voltage,
the input impedance Ry of the boost converter will be affected. As such, control is taken
to switch the power modification module 250 back to operating in a buck-boost mode, in

order to isolate the input and output.

20 [0058] According to an embodiment, a power modification module 250 including a
reconfigurable boost / buck-boost converter is provided to further improve the cold-start
up operation and efficiency of the energy harvesting apparatus 200. The power
modification module 250 works in a boost mode during a cold start-up period to boost the

-output voltage. When the voltage on the storage capacitor 122 is above a certain

25  threshold, the system will switch to a buck-boost mode, so that the power conditioning
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VOUT2L 1D jRLTs rzt VIN222L [0057]1t can be noted from Equation
(5) that a boost converter can provide a higher output voltage
conpared to a buck-boost converter under the sane | oading conditions.
However, Equation (4) indicates that the input inpedance of a boost
converter is linked with | oad resistance RL which may have | arge
variation during operation. During the cold 15 start-up period, the

i nput i mpetrEHciaPyy Inrsdangeh il be cdsaou ede frops thegleadt qosditine. iThisugwitching

i mpedanc : - L&l s WM -nC . he
Ut put ol e s BruR oy R Shue AL on JAMEY F i st R BRR il
be af f ectedverfisnsffehencgontrol is taken to switch the power
nodi fi cati on nodul e 250 back to operating in a buck-boost node, in
order to { ate e, t .and output. 20]0058] Accprdi.ng to

enbodi msnllt0 ﬁ%g pol\f\fe(? %D@?%{faé%st fa‘os‘r?ﬂfr%%ﬁ:l g%zéﬁofvﬁclnﬁf’dﬁﬁc ngﬁ’ conrol ' module
r econfsi guicadadimgboost elnbbdli@ienboﬂﬁiorcﬁ@gl\i@raheémliadiiilﬁérﬂ,\/H%eﬂ%dr@ fnbdifib&lon

i nprove the cold-start up operation and effjciency of the energy
harvest i r@“ﬁﬁ]pa'rf’é‘tﬂﬁg%ﬁ. corﬁkedptaw@r-' nestsr mpedakqagan erflile 258 @udarRgdesn

a boost mRERcOHENIMTaRl SRk Abfrudtibn® &rl BE sdicBRRsTor KRAIMAYRe power
vol tage. When the voltage on the storage capacitor 122 1s above a

certai n 28edifessiepingpdule®>Osystem will switch to a buck-boost npde, so

that the power conditioning circuit input inpedance will be
d I t diti oF hi ' ' ' r S
decoup edupt]™ { RexHARE (SRR S SHURCALE RS ol

convellsi ancladdsiacplarabity. ofl@b508ddEl4S. foB cortiol operatices Azxcerdhngnmtancendfodanent,

power nodjfication nt.r ol ul e ot di to an enbodj nent .

recor di nd™t GOk STRAERHER coR e mRaHer S0ib el s e SBHAI ngtsPErloo
i's coupl eghetatioh bEthp pveer MBdifitatbatrhadulamdul e 250 and provi des control
signals and switching instructions for the sem conductor switches in

the powerloﬁlg)l(ili fi ﬁqaglil %leo i(rjnuelnte,'\ t§e5 ?J'ower modification control module 300 includes a
driver sub-module 310 to control the driving amplifiers of the non-inverting buck-boost

15  converter provided in the power modification module 250. In driver sub-module 310, a
transistor 312 is provided. In an embodiment, the driver sub-module 310 includes a
MOSFET 312 as control switch. In an embodiment, the driver sub-module 310 includes a
NMOS transistor 312 as control switch. The transistor 312 can be coupled at a source
terminal to electrical ground, and can be coupled at a drain terminal through a resistor

20 314 to an output voltage Vgg of the energy harvester 200. Further, the transistor 312 is
coupled at a gate input to a voltage divider 316. According to an embodiment, the voltage
divider 316 is provided to allow for the transistor to be active at a certain predetermined

input voltage levels In various embodiments, the predetermined voltage levels vary for
various applications of the energy harvesting apparatus 200 and as well as for various

25  circuit embodiments of the energy harvesting apparatus. According to an embodiment,
the defining the predetermined input voltage level includes a carrying out multiple
iterations of pre-application testing in order to ascertain the most efficient predetermined

input voltage level for which allows the switching of the transistor 312. In an

embodiment, the driver sub-module 310 is configured to output a driving signal BB ENB
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[ 0060] According to an enbodi ment, the power nodification control
nodul e 300 10 includes a plurality of sub-nodules for control
operation. According to an enbodi nent, the power nodification control
nodul e 300 i ncludes three sub-nodul es for control operation of the
power nodification nodule 250. 100611l n an enbodi nent, the power

nodi fication control nodule 300 includes a driver sub-nodule 310 to
control t¥Weendtiethreghdddpioltageeps thef valtaae donddrnér tisea go bupawiroosdifi¢gion
converter(ﬂggyﬁgﬁg in the power nodification nodule 250. In driver
sub- nmodul e 0. a°Yransistor 312 is provi ded. In an enbodi nent, the
driver sub-nodule 310 includes a MOSFET 312 as control switch. In an
enbodi menl0063]he dp¢wéing§umnnmhﬂ@n&ﬁ0thenmmasotﬁﬁbm dontrok netlae 02
as control e trans 312 can b d at.a,sourc

t er mi nal IPCIH%ITS &t ISCILII Pr %jﬂbda%‘ii‘ © g%Od PN B 51‘@‘? regelyed ippuf E@Wﬁ’ﬁal
t hr ough anra@Sintbodimé®), t8d dsdiltat@nubuicatite m)l Jsra&ﬁ:eélg eréfltﬂfé'\@scﬁﬁﬁﬁgylgnal
har vest er _ 200. Further hhe transistor 312 is coupled at a gate iInput

to a vol tiRy theigpyC wergliensignsf Yrerg I 4 embdipenti th%ﬁ%"lll%“ﬁé“bﬂqd&b’e”zo
di vider 3}8ddcss RY @Efl',ldil@dwﬁ@ @ﬂghﬁlwfrfoﬁf thd'g it aﬁ@' sdefified Q éﬁlﬁl gpt iveg gh @
certain predetermned i nput voltage | l'evel’s |'n various odi‘fENt's,

the predemeodimed thelaseiffetor svteinodvlard?0f an beapiovidsd appbimled itote mftpllthe

energy h t 0 and as f.or variou 5 cirguit
embod, menetegt ol BRGRE Mot PPy s pn Bl oies ¥ o g at
enmbodiOmeniscillbfoe isdethrepistuge dhwy gqycled ehg bvilivgek. i nput  vol tage | evel
includes a carrying out multiple iterations of pre-application

testing i der_to ascer n the nost. efficien det ernj ned i nput
Vot nog 1B08R T i e bRt et B eGen B Z0s bl sroosiay

I n an enifegh MNpowdrBodificat®hn eubondahie 388 Anl Sr&aidsi Giliedord o MetiRple 2
driving signal BB ENB when the threshold volfage of the voltage

di vi der 3PHags todhe pssillatqssiemadnlel being theomtnub af theenerey heryesting apparatus,

[ 0062] AcgQ R ;gkgﬂqﬁﬁgp Moy mbiS R cation control

nodul e SOOb%ﬁbﬁades a Hﬁ?ﬁtoﬁng y ﬂﬁﬁﬁéﬂgg%i{o provi de a
variation of the received input voltage. 5 In an enbodi nent, the
osci 5at dPOG&Alb- nbersrding 20 apr@nh;@égel‘é; ﬂ@gmwmm@hﬁmmhlt@ntwﬂgmd@neﬂoo
fromthe enbodi ment

osci | | at c#rla{s? ts-aDg:od’{JvI%fe;[E 5188'{ o8 %qggbén s%%}fa#:g) \Xallgh\?ecoél?’eljﬁlaICI?cg( rﬂ“?rﬁl sub-

i nput DC mehid 330eis confipatd MRECelvé m aﬁpﬁrm»dfdi‘mrﬁom &Hwoseﬂlatdr lsat-Blodule

sub- nodul e 320‘1f£‘3§n be I‘OVI ged as coilgétgd to the output volo'lt@%e_of

the ener 9 REPUAES an v sgal d0rls Semrol AEas semingndigion v ishiss Brovie in e
100sci | | goter indddichiiéeRoatd Q80 Mt &mdﬁﬂedtl 8 2R IchAtRdIRA coh@&él?»];dm
vari ous embodi ments, the oscillator sub-nodule is provid

separt elmoduteoddG Wéiuéweqmﬁﬂme% forithe detemm@ilonandmee izno Smﬂls for the
provi des fsci | atd,Qn of 2*5111925}6“@%!1%%8&%%930& 0ds'? b gaswsﬁwﬁvefter of the

sub- nodul e, being the out put arves rhg a
parti cul axowetimedrﬁuammtmodulehﬁ) power nodi f| cation nodul e 250
15[ 0064] According to an enbodi ment, the power nodification control

modul e 3q8065] In an embodiment, a first branch includes a control circuit 332 for the
provision of a control signal CLKP for the control of transistor 252. The control circuit

25 332 includes a transistor controlled circuit that is dependent on the output of the driver

sub-module 310, BB_ENB for activation.

[0066] In an embodiment, a second branch includes a control circuit 334 for the

provision of a control signal CLKN for the control of transistor 254. The control circuit
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i ncludes a converter clock control sub-nodule 330. The converter

cl ock control sub-nmodule 330 is configured to receive an out put
waveformfromthe oscillator sub-nodul e and provides an input signal
for the control of the sem conductor switches provided in the power
nodi fication nodul e 250. In an enbodi nent, the clock controlled
converter_sub- 20 nodul e 330 includes three branches for the

det er m naﬁ%lﬁclgdes'[ hirapsistofriontraliqgeiresititaat is Heponfens onttheautpat of the Asiger

254, 256 B 40k ?ﬁpgggEN?Hng?ﬁ%“&lbUCk boost converter of the power

nDdlflcatlon no n an enbodi nent, a first branch

includes a control circuit 332 for the provi sion of a control
si gnal CL06$Yif or Int ke ahedimdnt,of thirdiisirshoncl28&. a Toetreloireudd 336 fauilte

25352 oA SARBS lACORBE 0 Mt e 0 13, FEZEPGSTSER

[ 0066]5 n 386 rectiedi agitéct iapA Gron thdsNkbori Bk Lot §6l be bémkideted
334 for the prQV|S|on Qf control signal CLKN for the control of
transi st ACIYEWIth Ye5Ret Sty tBE Weptsignal. 334 jncludes a transistor

controlled circuit that is dependent on the output of the driver
sub- modul (906810, REB:JrhBg t® harddilsieoliRibntd, @REAkII oR theEdBRAOE TRk cann-o1

third branch includes a control circuit 336 for the rovi sion of a
control sufmeaduls PEENsT piovideé ‘eont sastrobfmeduigtion smerulesior cpnertiontand|

circuit 33 L{n?&ﬁhg E%ntﬁ)l %gﬁﬁg o thl gﬂb’&zﬁf Iﬁ&ﬂh&ﬁ'%n ?r?o(&hie tﬁ} éﬁ'ec’?iy%)corr?rcoiw €

320 and can be con ered-active respec nal .
[ 0068] Accordi ng to various enbodi nents, the output of the converter
cl ockOcor0P@l subcemsdiop do I3doussempbaimerds) the pawctombdiﬁcatimﬁmrmbl mmdule

nodul e f | and uni atl g contr the wer

nDdIflca?#Qn9Q¥§%%1 or épfé%tlve con mﬂ&%ﬁﬁ@g&? lﬂﬁaPBrmus

vari ous exdvodiimpemnt & erhielipevethe podic h@diﬂc@ﬂ'brpwmtrbbinoﬂﬂé 3be is configured
to carry out a method of adaptive switching between a boost and a buck-boost function in

operating the energy harvesting apparatus.

15 [0070] During start-up of the energy harvesting apparatus circuit, the signal
BB_ENB, which is the output from the driver sub-module 310, rises with the output of
the power conditioning circuit 220 Vgp. Provision of signal BB_ENB to control circuit
332 and 334 will force the CLKP and CLKN signals to ground. This leads to the
transistors 252 and 254 in the power modification module 250 to be in an “on” and

20  “open” state respectively. As a result, the power modification module 250 is configured
such that the combination boost / non-inverting buck boost circuit is working as a boost

converter.

[0071] As the output voltage Vgg of the power conditioning circuit 220 of the energy
harvesting apparatus 200 continues to rise, the voltage surpasses a predetermined
25  threshold as provided and set in accordance to the resistive ratio in voltage divider 316 of
the driver circuit. This predetermined threshold can be set to where the power
conditioning circuit 220 of the energy harvesting apparatus 200 provides an output which

takes the circuit out of a cold start-up stage into a normal operating state. Once the
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300 is configured to carry out a nethod of operating the energy
harvesting apparatus. According to an enbodi nent, the power
nodi fi cation control nodule 300 is configured to carry out a nethod
of adaptive swi tching between a boost and a buck-boost function in
operating the energy harvesting apparatus. 15[0070]During start-up of
t he energy harvesting apparatus circuit, the signal BB ENB, which is
t he out pdﬁreﬁhc&mst EDagsedy e uamsison Al & Bigated pad dieygontse ahé dmin frmingis
the power,sGondi i Provi sion of signal BB ENB to
control CFﬁCUIg&%%%c&@b&%%ﬁﬂk&ﬁ%@ﬁorce he CLI CP and CLKN signals to
ground. This leads to the transistors 252 and 254 in the power

nmodi f i catl0®R2]nodd wrrdEon telsentiel transiston312aR8_BNB" \m'qbldn"sherttaite GND, and

cont i gur ai i Soa SR sglalf CERE RN AR sRAD B G “Biton ot

Ci rcuist itmnvstold 383 sad 3340n6ath £ oaecthé esmbihQEbATHoASE /tBuek Bodsptdnveértaigie
Vgg of the onditioning circuit 220 of the energy harvesting
appar at us¥ 8@56 H&? RSECyeYTse, the vol tage surpasses a
predeterm ned 25 threshold as provided and set in accordance to the

resistiveooai o FIGsyaiA age 4 Vilgefate3 46sidlulatibg rﬁﬁdevef a8l éxf#;l harbBithg
predeterm ned threshold can be set to where the power I'tioning

circuit Z2ppargius ﬂlﬁélﬂ%@rg@anmewmk&@wrcawgtezzwo&lmﬁoee@dwdmmput
whi ch t alﬁqét 41}0%1@82’(:&"“3}%9‘% fVOﬂﬂ%{%ﬂPlgt@BrBtOT Spscﬁ?eg %ﬂlllcﬂ{) &pcruﬁabg 12

operating state ce 't res sur pas |stor
i s adi vatfdle emrtgytltaevmmg apaancs. trean he nenednhaalrsthet:oltllﬁneart m;amglosmi)nl@;an

be consid red to be 007 In turnl on. t he contro
transi st of ef%elﬁhe Eﬁz ‘?zﬁ ﬁi‘”ﬁ%ﬁr °éde“[ebgy version and; gengeting, ayl thepe

i nput si gﬂ&tr&aﬁbﬂ@gﬁ@&eﬁtéﬁﬂ REgfienall gdvided b gt hﬂtﬂiﬁdﬁﬂox@fmodule
5tranS|stors 332 and 334. I n such a case, the conbi nati on boost

buck boogP0dBHYEIRE & cambyipatingy hoosls/ hu%'zq@sqom@rteofw&epemg UPQ 03PN s .
4A and 4B,idifidksibh dh&iufe S507WE ah 'e%ogﬁg:?l lﬁ%t@ Rt ﬁfﬁt‘ esirable
st Thuck nver § |

appar atus including an adaptive boo oost ¢ accordi ng
t o arlSentypdiatemwavédm. 410 in FIG 4A shows the vol tage output Vgg of
the power conditioning circuit 220 10 of the energy harvesting

appar at Ujo%‘fﬁi Capy P At lﬁg}r 4Rk tl]iJ]{f‘ &9l gaigt r&ve}‘] Bhe! s%:(y]r' & ca:gamtor%

where th zoel ectric vest er es e conver

generati dr22 Hnaintheeohatrved that ahe eapacitpyr Igaenecatreech stsble énut ffioedl tlengbwer
provi ded t ower. di f.icati dul e 2@9 i ncl udi ng. a, conbi pati on
boost 1 istetiEag PG PRny T Py s R e I oo S BHeE AR de on
nodul e 250 of an enbodinent is able to start up and out put a

desi r abl §0075] FIGs. 5A and 5B illustrate a simulation made of a presently available energy

20  harvesting apparatus with a buck-boost converter. The simulation readings are provided
as a comparison with the simulations made of an energy harvesting apparatus of an
embodiment according to the present disclosure. Plot 510 in FIG. 5A shows the voltage
output of the buck-boost converter configured to receive a rectified electrical current as
generated with a piezoelectric harvester. Plot 520 in FIG. 5B shows the voltage built up

25  over a storage capacitor coupled to the buck-boost converter in the presently available

energy harvesting apparatus.

[0076] It can be observed from 510 that the buck-boost converter of the presently

available energy harvesting apparatus is unable to initiate or start-up correctly with an

20



15 operating waveform [0074]Plot 420 in FIG 4B shows the voltage
built up over the storage capacitor Cs 122. It can be observed that
the capacitor 122 receives a stable input fromthe power conditioning
circuit 220 which provides for a steady build up of charge in the
capacitor. [0075]FIGs. 5A and 5B illustrate a sinmulation made of a
presently avail abl e energy 20 harvesting apparatus with a buck-boost
conver t erinPatHwliaggpf @AVl the satinggarcait éﬁll%rlmﬂi ¥ depdipckaNeotpha Hmsleions ath

the si mul aLi008s gﬁd&s%e@ﬁleggf'{xﬂﬁ tﬁ'@g&ﬁﬁi Lk @o%ggfl g%&aafggti (ﬁ)ﬂﬁrgr og A

enbodi ment according to t esent disclosure.
shows t hepowst tegdicetiopumiodole of ke ehergk hbvesingcpparetus éu a ponéntgubedintant,

receive recti.fied electrical, current  as nerated wth a

pi ezoel egFturrﬁ%Sr’H ?%%‘f%ﬁ‘? Oéfe(ﬂ{ edSé |%%Ftlhﬁ Wg asEosRingtion Begt/Rpskderst
up 25@vercoavéiedbo@ediapasi éxﬁmod@@emIoeehetlﬁeéehﬁdmsgﬁr@mo@%ma?a&% dgn
the presently avail abl e energy harvesting apparatus. [0076]It can be
obser ved ¥ PRS0 harged vpriea piveh ghestol@ghvert er of the presently
avai |l abl e energy harvesting apparatus is unable to initiate or

start-up [ge171ect FiG. Willtst@Rks tld\Rikhgd/ bl AREmR tel Rich¥hiA Snd BE eﬁﬂ:rién&? of the

circuit falls into a deadlock. No"such li'mtations or drawbacksS are
obser ved Trefifier oagsprding e ewntbrdimen. Jdest6 /providks bevds ebrexperinentalf

a power if i Q . ti. ar.at in a
prosent chmsefiBhe Wl B B RRE SinAET il BRREICUDS e
wi t h 1@ coidzoriatg envdnioos tmbodimekts bihe stctifibr caniler befabacaet th agofdanano
enbodi nent. of the Eresent i sclosure, the storage capacitor Cs. is

abl e to BENEREIGEEURr e @Imach fingReY LG diressse OF smO9Heapesg which can
|| 1 ustratgs ctneseval tsamid NBULHMEPHE ﬁﬁé@éeaolall@p%&. gﬂsk 616 Flildafel eheY

of the rectifier according to an enbodi nent. provides resu
of exper idhenctaristive a8d thermineisncyanfrai thebretinallp ideahizotiiiierelitcan hanbseact uhad

with a 6 ss.. 10 Accor di to_various enpodi nents,.the
ect 11 erou a8 BEE Rl mpd o fiRE Y Ul b it B BT LB dh 8 i
for asanplugut avoltaded IPIbmM622 \shb®s phe cediage Mipu@ditpat e stidAElEp eSS a Wateiker
can be consi.de eigl?sgi‘i%bl e to achieve the intended purpose. Plot 610
i ndi cat esP“_B‘ﬂ_edrc‘ﬁ 3,000t a1 peeerdifizdo pemepdimenesfcle presar divdariae ifdaialy
i deal reghbli fevolthocCRMBAHAPSES MeBreNHnuPh Bl bEe otk Blotd (fl'zg{nd 618

i nput vol tage woul d”i ncur no | oss and woul d equate to a sim!l
can be obtained by experimental measurements of embodiments.

[0078] From 614, for an NVC without body bias, the circuit starts to conduct at about
20 0.2V, but as the transistors work in the sub-threshold region as input voltage amplitude is
below 500 mV, the voltage drop is much higher than 2Vps. When input voltage is above
500mV, transistors enter into saturation region, the forward voltage drop quickly reduces
to 2Vpg. From 612, with body bias according to an embodiment in the present disclosure,

the body bias can help to reduce the transistor threshold, so that the conversion efficiency

25  in the region of sub-threshold region can be enhanced significantly.

[0079] It can be observed that the provision of body bias according to an embodiment
of the present disclosure allows for the improvement of voltage conversion efficiency.
For example, at Vi, = 270mV, and from 612 and 614, there is shown an increase in

voltage conversion efficiency, i.e. Vou/Vin, from 55% to 82%.
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15 output voltage. Plot 612 shows the voltage input/output
relationship of a rectifier provided with a body bias according to an
enbodi nent of the present disclosure. Plot 614 shows the voltage

rel ationship of a rectifier without a body bias. Both plots 612 and
614 can be obtai ned by experinental neasurenents of enbodi nents.

100781Fro C wi_t hout bady bi the circuit starts. to
conduct a[{pﬂg‘ﬁout gﬁ’?ég(gmg\\;ateﬁme rafﬁgsttqsgﬁgflgeteéﬁglequfathpogeﬂ@ally ideal

sub-thr esl@@thﬁiarrﬁﬂéa‘ﬁrbe%sérgwth tlYéBL‘ét@ﬂ ﬁgﬂlréétf‘ﬁ@feoﬂe?at&eitg%&g&cgﬁ/y idehe
voltage drop is er than 2V When 1 nput voltage 1 s above

500nV, t rﬁﬁ@ﬁ@qyd?fsl é’ﬂnté%Zﬁh@‘@S datnomer pﬁ'mqnejg pﬁm reqtlﬁer provided duthcﬂ barye
drop qui gily & rﬁx%'f'%ﬁéor&ﬂ 26/%1 dﬁ 82 prop ({%H E' ABw T S el g
% sen e Iﬁeefl t

an enbodi nent sure 48Veak
reduce thecﬁﬁeamﬂlstmbddhlbmhohtebl so that the conver sion efficiency
25in the region of sub-threshold region can be enhanced

signific 100791)Lt can .be o d that, th r.ovi.si on of. bady

bi as accg[%%]ﬁg tﬁ é‘ﬁf) |?‘}§Fﬁve‘gft [ﬂr‘é‘gﬂﬂ? %l @8%@% éccé’r‘;l%\éofaﬂr

t he i npr oxngssither®lof VGd pragmt mamgrr&anaw@fcfrltﬁé afgverhiét of%aiRkFon wé{ n
= 270nV, and from 612 and 614, there is shown an increase in voltage

conver si dAIEFIGYe eneyampleat Vo AA00mYy g Bomp, 622 godd24.[ egOF Rhown 620
i ndi cat e%n&r@&‘se%‘f'@&rﬁr@fsﬁf p%Wngftﬁ{Eﬂc ﬂ@nﬁfﬁ{] Gloappcy of a theoretically

i deal rectifier. can be observed eoretically ideal rectifier
oper at es at theor etically ideal efficiency of 1. Plot 622 shows the
powerlOef f[P@Fi’dncyFKf Taillngteatgst4 dine gpmaindeansight tesponbo dija icti§ecasondalg to

accordi ng, t n t he .power.. ef ncy
S5rectifi gar %n?c{?(l)@%m ﬂtlﬁ% E%F(gisl&%%tht r o? kﬁ)e\géﬁ ‘flge%a‘ﬁrlt{lhué{)@e&gﬁscgllﬂ\%d
t hat t he mpodnd ﬁ]rcadamfvelbody bias awiteldsgrAticoglidgtoan eitodithdmgthe edctifiiecan
present discl osu for t e i nprovenent of conversion power

ef fi ci end3F.PTRYfe i?gﬁﬁ zgyi\ﬁéflbs\'}‘ia ASIEHIAPL- FAPd LOrshAS 9 Ot Gremparare
S gonown 28, WHRhEASoH1HE ARUEISORBRAMEL 8Ll &nBAEHink B cHfphis the
0.92. 10[0082]FIG 7 illustrates a time domai n transrent respgnse of
a redbi f iveltageewputiwith the bandgaptyoltagee Rlot 72¢ shdve PMOH subritigs woltage. Plot

rectifier b nt r ol duyl e for

body bi as QapReRY NIIO b PiaP xaheRt. BleP 2aEBiictne Tl et PP 20 e
provi ded wﬁM@SauEsh\atakmbsinﬁqﬁ@ 760 akko W/ SMOIS sul:?btﬂite dititnghows an

out put of conparator 242, which nonitors the voltage output of the

power Corlﬂbtisj] oni {Jl'cx’e dryqblilellstsw(it(g:ﬁfggrcgg cltezrilr‘ley be observed from the various plots and is
further accentuated by line 702. It can also be observed from 750 and 760 that the current
20 flowing through the substrate is slightly lower after the body bias switching.

[0084) FIG. 8 illustrates a block schematic of an energy harvesting apparatus
according to an embodiment of the present disclosure. According to an embodiment,
there is provided an energy harvesting apparatus 800. The energy harvesting apparatus
800 includes an energy harvester 810 for generating electric power from an ambient
25  source. A power conditioning circuit 820 is provided, and coupled to the output of the
energy harvester 810. The power conditioning circuit 820 includes a boost converter
module 830, a buck-boost converter module 840, and a power modification control
module 850. According to an embodiment, the power modification control module is

configured to initialize the energy harvesting apparatus from inactivity to a normal
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15 voltage output with the bandgap voltage. Plot 720 shows a PMOS
sub-bi as voltage. Plot 730 shows a NMOS sub-bias voltage. Plot 740
shows an N-well current. Plot 750 shows a PMOS substrate current and
pl ot 760 shows an NMOS substrate current. [0083] The body bias
switching can clearly be observed fromthe various plots and is
further accentuated by Iine 702. |t can also be observed from 750 and
760 that SREBYANIFTSHRS ST by wpergtingthe bgest corvestabmpde.cand opetatiphtheypuck-

| ower af tk%roFtt %vgﬁgywpérﬁﬁn %W:Eptuf Riolife bf ﬁm%ﬂ'écﬁ/e@ coﬁ%fti%hiﬂ?t(!il%ﬁﬁ Fisls % %Ck
schemati c of an energy harvesting appar at according fo an
enbodi memredstermimedpralisent di scl osure. According to an enbodi nent,

there is provided an energy harvesting apparatus 800. The energy

har vest i par at us incl udes_an_ener har vest er 810, f.or
generat i E‘gogﬂect ﬁ]i éc{1 ‘|3or§lg)v\(/)(e21 rnhgrﬁb%r%e é’ﬁwgrn%‘f%ﬁf%}/%ogyﬁrlgg‘.ﬁul%"ﬁ&fég? a voltage

condi $5i ondrivgr miodwals ifirth3? theludlingraoxldgsldivalatccupledlte d sérbicbiRic@u bwidth, Of
the energy harvester 810. The power conditioning circuit 820 includes

a boost rter nodul e.830, .a buck-paqst. converter dul e 840, and
2 pover e i cath BHERRAPST %aaﬁ%g%gb.ge%e@mfi TR @%ﬂﬂ_@ﬁ&@@pa@n@,
t he poweractide filiC dnhi@thdaot sRtciTRAidh €hd SupRNTAIGLE eled B 1HRI frdthdrneiihe
energy harvesting apparatus frominactivity to a normal energy

harvestid@h§tate by operating the boost converter nodul e, and
operating the buck-boost converter when an out put voltage of the

power corndpgd)oni RY afi ERbbdimbhS 8Fe teftyP hEIELEE Mhitarhnik likeher [1308R4 3

an enbodi nent, the power nodification control nodule includes a
vol t d§e Zenverer comoilineodulsy eandiguied o uereivg aadiirohg sigeal dion ther vadlegpdvert o

a senico I e I bodi nEen he vol tage.di vi.der
incIudesqg&%%$€n%?ﬁ%§sﬂ%%gggg%P@§%§é§%B%g%g$ib%?%nﬁhgnégﬁgggﬂhﬁép8ﬁ
Swi t ch whrenvdrtze modtlpuhd velbual®odst s@setter thidulfr edet er m ned val ue.

[0087] In an enbodi nent, the energy harvesting apparatus further
i ncl udes [3088] In an embodiment, the energy harvesting apparatus further includes an
oscillator module configured to provide a waveform variation for operating any one of

15  the boost converter module and the buck-boost converter module.

[0089] In an embodiment, the power conditioning module includes a combined boost
/ buck-boost converter arrangement configured to operate as any one of the boost

converter module and the buck-boost converter module at any time.

[0090] In an embodiment, the energy harvesting apparatus further includes a rectifier
20 coupled to the energy harvester, the rectifier including a plurality of semiconductor
switches; and a body bias control module configured to lower a threshold voltage of at

least one of the plurality of semiconductor switches.

[0091] In an embodiment, the plurality of semiconductor switches includes any one
of P-type semiconductor switches and N-type semiconductor switches, and the body bias
25  control module is configured to connect a body of the P-type semiconductor switches to
electrical ground, and to connect a body of the N-type semiconductor switches to a

reference voltage.
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10 converter control nodule configured to receive a driving signa
fromthe voltage driver nodul e and nani pul ate sem conductor sw tches
for operating any one of the boost converter nodule and the

buck- boost converter nodule. [0088]1n an enbodi nent, the energy
harvesting apparatus further includes an oscillator nodul e

configured to provide a waveform variation for opera;ing any one of
15t he bood¥P9donvEr earevhsdimatafy boy bigecopels modulsviaeludes appmparator

[0089] I n &ﬂﬁ@lﬂ@@% are m@eoug%\f\‘%lta%g Nt Me‘flgoﬁmfi&hﬁ% E:ip&llitl{g%tsogﬁdgap

conbi ned boost / buck-boost nverter arrangenent confl gure
operate a®lagy one of the boost converter nodul e and the buck-boost
converter nodule at any tine. [0090] 1 n an enbodi nent, the energy

har vest i par at : ipncludes a rectifier 20 coupled t-he
ener oy haP et o o el LSl Bhs oS i, RLponfip g BBy ofth's?
sem condugposensivoridubies swicttts ao llediefddéres votinge; ahd smxdistie thobddyoss e N-0

| ower a threshald voltage ,of at |east one of the pluraljty of
sem condU¥POIEGRRILHEE .Svg{t@%iq et cartih o ,H"et‘ﬁ’élf’“bl"ﬂ agic; gt yfhgpower

sem condugh@itiofik CEARSIs 1464 HRRSHha MRS vAfagE- t ype semi conduct or
swi tches and N-type sem conductor swtches, and the body bias 25

control nmodule is conf_il[%ured to_connect a body of the P-type
seni condu@fM switEn@sillugiradese @t plogly) diggraminal aampthed 886 rseerdingb sy yanof

the N-typenRQhaRRtUat Prese diSdiGiard %&hc%f?@(ﬁ QRE Be VOMEADE of d %Pa%ﬁ; 1L
| npdu ato

an enbodi nent, the body bras contro e includes a conpar

conf il§ur extetgy bawgsting apperatat pdccarding atge an fentbodinpmwyethe cordiyt goreraiong
circuit to a bandgap voltage., [0093]dn an enbodi nent, the body hi.as

control 0AtFEe aiie 8 SRESLEYRET e Rreng QA BEHTCOH de Brbien
Swi t ches sborcthandrthé en@pg hawedtérig @ouedtCopoRet Sondhienedircait. ThE 0, the
N-type sem conductor switches to electrical ground, when the out put

vol t age cﬁletﬁ cHh SRz B tﬁ@ CBPIEY RAVGSENG FPRARRIUS AERM RSN Ry ap

vol tage. normal generation state. In 920, the method can include carrying out a boost converter
15  function with the power conditioning module. In 930, the method can include monitoring

an output voltage of the power conditioning circuit. In 940, the method can include

switching from the boost converter function to a buck-boost converter function with the

power conditioning module when the output voltage rises to a predetermined value.

[0095] In an embodiment, the method includes monitoring the output voltage and
20  switching from the boost converter function to a buck-boost converter function with a

voltage driver module including a voltage divider coupled to a semiconductor switch.

[0096] In an embodiment, the method includes activating the semiconductor switch
when a voltage drop across a resistor in the voltage divider rises to the predetermined

value.

25  [0097] In an embodiment, the method includes receiving a driving signal from the
voltage driver module and manipulating semiconductor switches for operating any one of

the boost converter function and the buck-boost converter function.
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[0094]FIG 9 illustrates a bl ock diagramof a nethod 900 according to
an enbodi rent of the present disclosure. Method 900 can be a net hod
of operating an 10 energy harvesting apparatus. According to an
enbodi ment, the energy generating apparatus includes an energy
harvester for generating electric power froman anmbient source, and
the energy harvester is coupled to a power conditioning circuit. In
910, the $lod Eatn pmbedigent ghe mathpgd iipdudeh @rasiding p wfcmt Yaigtion for

appar at Use okl P GhS ¥F ¥ bb8e BoRUPLIRAPEA OB IR cdillef@Onnddid

met hod can 1 ncfude carryrng out a conver on W
t he powerwitloadoscillamirmgpdatedul e. I n 930, t he nethod can incl ude
noni toring an out put voltage of the power conditioning circuit I n

Funct i on DB o, iR nURE MERGE PeEiPine o i e Bk FoosC omverer

condi t5i Onairﬂggefmdiﬂhs opagine Elﬁ‘ﬁ oféltoflthe \bRbita@RvErkd EBnétndard RehRkHoaqad
val ue. [0095]In an enbodi nent, the nethod includes nonitoring the

out put vAREGET SHgtiopwe P@ﬁ?%ﬁmﬂpﬁﬁ¥%he boost converter function to
a buck-boost converter function with a voltage driver nodul e

i ncl udi ngog1009! t BOGn dinfbddBheROWR @FerkP @r@&ﬁhg?%ﬁﬂ&iﬁﬁ@rm@l%éscﬁ rectifier
[0096] I n an enbodi nent, the net hod i ncl udes activating t

sem condurenpled i the lenenss rhagveytst.t thgaeelifisp inelnding aaplvesditys 106 rsemwomh@tor
vol t age dgvo{ecﬂﬁé tfd 8ol Gah HEIILISEGIY mﬂeeﬁgi&soh%?[o?(zﬂ asollof e

enbodi nent |ncIu es recel rom
vol t dfe drurakty afeciiicendwtbr switcles athi artg dg dids comehl @iodnleswi t ches f or
operating any one of the boost converter function and the buck-boost

converter tiQn 00 odlnent cl.udes

vy mobttE ! Bn e BB E R RS e icond i TR PRGOETES one

conver t eroffRiipt |samcaﬂdhctdfrembuaﬁé@- HOs itygeostviEdn@nctbtnolkdhes) thé et can

oscil | at ar duIe %009 thod i ncl.udes mani p ulatlnP a conbi ned
6

boost | HOURIP saRtectng 'ér" fibg PAwfetrsreondycigh v iighes 4 yleshisalogroprds
boost conygthbfechit bRy brARININSE REFEnRRAS switches to a reference voltage.

15 [00102] In an embodiment, the method includes comparing the output voltage of the

power conditioning circuit to a bandgap voltage.

[00103] In an embodiment, the method further includes determining when the output
voltage of the power conditioning circuit is larger than the bandgap voltage; connecting
the body of the P-type semiconductor switches to the reference voltage; and connecting

20  the body of the N-type semiconductor switches to electrical ground.

[00104] The above apparatus, method and/or system as described and illustrated in the
corresponding figures, is not intended to limit an or any apparatus, method or system as
according to an embodiment, and the scope of the present disclosure. The description
further includes, either explicitly or implicitly, various features and advantages of the
25 method or system according to the present disclosure, which can be encompassed within

an apparatus, method or system according to the disclosure.
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converter function with an oscillator nodule. [00100] In an

enbodi nent, the energy harvesting apparatus includes a rectifier
coupled to the energy harvester, the rectifier including a plurality
of sem conductor switches, the nmethod can include: |owering a
threshol d voltage of at |east one of the 10 plurality of

sem conductor swiitches with a body bias control nodule. [00101] In an

enbodi mren?183e Phuleasmbgdingents o Berdisidessre dava baws paienlade shawy ade
of P-typ j i . e i

Che. mot oy Sel AP EBlendh 1S SRS BHMIUAS, REHRAME Sl Sl be 1%k
swi t ches skdledlinche it alhat yroousochanged io dnmeend detaih nimydye mhdd therdi: wwiheut

sem condugtor. swtches to a.reference.voltage., 15 102] 1In .
erboa merripd okt 3t ef sEpS LS RS RO osRROPY U6l wagnllaime
power 5conmiet icope BP til dicdlosurd & @ud avigedd WotHeadPended X103k and afinchanges
enbodi nent,,. the nethod further includes determ ning when the output
vol tage ofhitthgomswathie teamersng and gange of eapivalengygel therdaims ige Hisrdersp
vol t age; RRAMLGEH LEImbRRePLOdY of the P-type sem conductor switches to
the reference voltage; and connecting 20 the body of the N-type

sem conductor switches to electrical ground. [00104] The above

appar atus, nethod and/or system as described and illustrated in the
corresponding figures, is not intended to limt an or any apparatus,
nmet hod or system as according to an enbodi nent, and the scope of the
present disclosure. The description further includes, either
explicitly or inplicitly, various features and advantages of the 25
nmet hod or system according to the present disclosure, which can be
enconpassed within an apparatus, nmethod or system according to the
di scl osure. [00105] Wil e enbodi nents of the disclosure have been
particularly shown and described with reference to specific

enbodi ments, it should be understood by those skilled in the art that
various changes in formand detail may be nade therein w thout
departing fromthe spirit and scope of the disclosure as defined by
t he appended cl ai ns.
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5 The scope of the disclosure is thus indicated by the appended
clainms and all changes which conme within the nmeani ng and range of
equi val ency of the clains are therefore intended to be enbraced.

CLAI M5 What is clainmed is: 51. An energy harvesting appar at us,
conprising: an energy harvester for generating electric power from an
anbi ent source; a power conditioning circuit coupled to the

out put ochﬁEMSnergy harvester; conprising: a boost converter nodul e;
10a buck-boost converter nodul e; and a power nodification control
nodul e; wherein the power nodification control nodule is

conf i gur e&hatds clainédaki ze t he energy harvesting apparatus from
inactivity to a normal energy harvesting state by operating the boost
converter nodul e, and operating the buck-boost converter when an
150ut put Mol t ageeriay IGvRANEEpPRRAREA] EdifHsip: Circuit rises to a
~predeterm ned value. 2. The energy harvesting apparatus of claiml,
wherein the pcﬁﬂéﬁefﬁﬁé}FW%F@tﬁobﬁef@tﬂ%?g slectrg pawer Fempniagbicngsopsie age
driver nodul e f s S i v I .
sem conduct or as\l,JMB\%/%ﬁ_Eo gg gﬂ&%ﬁ%@%@%@%ﬁ;@%ék&% OS(S}S‘E;FE%&%%?"“‘“’
accor di ngomprisingi m 2, wherein the vol tage divider conprises a pair of
resistors arranged Hp %ctivate tgq_seniconductor switch when the
output vol tage ri s&°PE PRETSE BGEYEr ni ned val ue. 254. The ener gy

har veist i ng appar at ubhudkb6ssdcirgctter mbdilgNadd further conprising a

a power modification control module;
wherein the power modification control module is configured to initialize the
energy harvesting apparatus from inactivity to a nommal energy harvesting state by
operating the boost converter module, and operating the buck-boost converter when an

15  output voltage of the power conditioning circuit rises to a predetermined value.

2. The energy harvesting apparatus of claim 1, wherein the power modification
control module comprises a voltage driver module further comprising a voltage divider

coupled to a semiconductor switch.

20
3. The energy harvesting apparatus according to claim 2, wherein the voltage divider
comprises a pair of resistors arranged to activate the semiconductor switch when the
output voltage rises to the predetermined value.

25 4. The energy harvesting apparatus according to claim 2, further comprising a

converter control module configured to receive a driving signal from the voltage driver
module and manipulate semiconductor switches for operating any one of the boost

converter module and the buck-boost converter module.
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converter control nodule configured to receive a driving signal from
t he voltage driver nodul e and mani pul ate sem conductor swi tches for
operating any one of the boost converter nodul e and t he buck-boost
converter nodule. 5.The energy harvesting apparatus according to
claim?2, further conprising an oscillator nodule configured to
provide a waveformvariation for operating any one of the boost
convert er’-nodulls eNFERYt AEvEUBR-4peFetus cispudingeio dlaigu e furer Thapdpiag gpp
har vest i ; ' : ' . el

condi &1 on o eREREIMR SRRRENT0 phitid PRt ORI P SpBOH wy ons ot
ar r angeneht bawhéanyartednddnlopertht buckshoasiycoanateomotitle. boost converter
nodul e and t he buck-boost converter nodule at any tinme. 107. The
energy harvesting apparatus according to claim1, further conprising:
a rectsi figr coupl egrip HahRstaiRehppardtad \Wesdr@ihg fohBlafn@Ct,i {h&EinC MHEPHbWéNT
a plurality of sem conductor swtches; and a body bias control
nodul e cdRPiijoriag mesule Grpprises 3y eapuneg beast Aguckoboost covgaer armmgementhe
plurality i i [
Bppar at U AngSETC SRR R i iohe dF e bt tonl e SAREEY P Ik Hbos
sem conduyonwirtegs wiotduleas amgompe.i ses any one of P-type semi conduct or
switches and N-type sem conductor sw tches, and the body bias control
nodul e is configured to connect a body of the P-type sem conduct or

swi t diges 10 elRelehérgfhageaingdppands ha@ofdi®laid Dathhepéordisife N-type
sem conduct or smﬁtghes to a reference voltage. 9. The energy
harvesting ap@drsliiirs cqurled i thg enerey harvestar, thigwerlies copwrisaay Myrakity of
control nRAH.EdsSRWiSES: anLconparator configured to conpare the

out put voltage of the power conditioning circuit to a bandgap

vol tage. 25 2Modyhisepeirgynddutecosfigungd aploacat tiweshoklorodtiaggoft ab labtainm

9, wherei i ral . ul e connects the body of the
P-type séﬁ¥%ﬂﬁgﬁg8%#%éw? %ﬁ%&nggngﬁg'reference vol t age, and connects

the HWédy of the N-type sem conductor switches to electrical ground,

when t he out vol tage of .the power conditioning circujt _is_larger
t han t he 830 E gegﬁrgyg}a{\g@gng app%ratus accord?ng to c almg 7, wherein the pluraht(‘):]/ of

semiconductor switches comprises any one of P-type semiconductor switches and N-type
semiconductor switches, and the body bias control module is configured to connect a
body of the P-type semiconductor switches to electrical ground, and to connect a body of

20  the N-type semiconductor switches to a reference voltage.

9. The energy harvesting apparatus according to claim 8, wherein the body bias
control module comprises a comparator configured to compare the output voltage of the
power conditioning circuit to a bandgap voltage.
25

10.  The energy harvesting apparatus according to claim 9, wherein the body bias
control module connects the body of the P-type semiconductor switches to the reference
voltage, and connects the body of the N-type semiconductor switches to electrical
ground, when the output voltage of the power conditioning circuit is larger than the

30  bandgap voltage.
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11. A method for operating an energy harvesting apparatus, the energy
generating apparatus conprising an energy harvester for generating

el ectric power froman anbi ent source, the energy harvester coupl ed
to a power conditioning circuit, conprising: initializing the energy
harvesting apparatus frominactivity to a normal generation 5state,
conprisinﬂ: carrying out a boost converter function with the power
condi ti onflng nbdifteed ERPDPSERENE GRj ETEnhasYRSRE apRAratay dhe enerEy gpremrting
condi tionj  r ot i ' ; c ter
Funct i on PheaceitplisngRf cnerey haryos! E Bhidthrng ARcA NP Houf BTURLILA
condi t i ordongrentbe ehargyhawmestdreouplediota poster agelitidngesciteoit oprpedizer ni ned
val ue. 12. .The.nmet hod accor di to claim11l, conprisin ni toring
t he out put vollfl%tllalémé% CSUF Iiggﬁ'fiﬂ’&a%go%’ RS @88’3‘?@5’%& ?gpg?%%gqqrgwnt 0
a bucls bosst, coppyisinger function with a 15vol tage driver nodul e
conprising a voltage divider coupled to a_sem conductor switch, 13.
The nethod accor di AETYBE cGWi nbeost ¢amwpitarsfungtione tilhathenpoweseconditioning
sem condugiflie:Spit ch when a voltage drop across a resistor in the
voltage dividér rises to the predetermned value. 20 14. The nethod
accordi ng to cheiiteriog an puiputaitagoaithe sowey coeditoninggiraiitgland/i ng si gnal

fromthe voltage gdriver | e, and ni pul ati ng, sem conduct or .
switches for Sg’étf glfl g\r{lcgm%rtr%d%onoét 8?“?%% %gé){ﬁn t8o%9'é$‘t%°r03tf fﬂ%’?’?%‘rfuﬁﬁ’(?n

t he hwck-widodte worer ebhditiofilp eiddale whenlhe digpuiwbhar aks as di peddiem@ledi m
12, furthe{ conprising providing a waveformvariation for operating
any one of'%he boost converter function and the buck-boost converter
function with an oscillator nodule. 16. The nethod according to claim

11, conprising manipul ating a conbi ned boost /
12. he method according to claim 11, comprising monitoring the output voltage and

switching from the boost converter function to a buck-boost converter function with a

15 voltage driver module comprising a voltage divider coupled to a semiconductor switch.

13, The method according to claim 12, comprising activating the semiconductor
switch when a voltage drop across a resistor in the voltage divider rises to the

predetermined value.

20
14.  The method according to claim 12, further comprising receiving a driving signal
from the voltage driver module and manipulating semiconductor switches for operating
any one of the boost converter function and the buck-boost converter function.

25 15, The method according to claim 12, further comprising providing a waveform

variation for operating any one of the boost converter function and the buck-boost

converter function with an oscillator module.
16.  The method according to claim 11, comprising manipulating a combined boost /

30  buck-boost converter arrangement to operate any one of the boost converter function and

the buck-boost converter function with an oscillator module.
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30 buck-boost converter arrangenent to operate any one of the boost
converter function and the buck-boost converter function with an
osci |l | at or nodul e. 17. The method according to claim11l, wherein

t he energy harvesting apparatus conprises a rectifier coupled to the
energy harvester, the rectifier conprising a plurality of

sem conductor sw tches, the method conprising: 5lowering a threshold
vol tage of at |east one of the plurality of sem conductor sw tches

with a body bi 0 le. .. . Jhe.nmet hod according to claim
1 wherehh o AR R YocdBAY & el 1 bR B AT SRES 08 el C
of P-typeoapnisesonchatifiarcoapled ehee caty Matveper, saniectfidtuohprisih@ avlieahes,
t he net hod. conpri sing: .connecti a body. of the P-type sem conduct or
swi t ches 5“@%@8@¥$3gwﬂgﬁﬁu BFWQ%GCEEﬁHéeging a body of the N-type

sem cgnduct or 15w 8 Shkebhold WERQESICH 1 LRASQS thd Blurdite ofBERREnductor
according to claim18, further conprising conparing the out put

15vol t agesveicheshwitihe hedy Wiarrpntrplonpdide.ci rcuit to a bandgap vol t age.

20. The nmethod according to claim19, further conpri sing:

determ ni ng when the output voltage of the power conditioning circuit
i s | ar gerl8 haThehmethad dga@rding] tcaghim 20K onleeihi thg plhalibody semicohéuctor

P-type sem.conductor switches to the . reference volt ;. and
connect | N ERS GEMSHraIBe RE PYTRS SEMHOCBMHRICIBI ISV Al pgmiconductor

el ectini ¢ ahwigh&yihd method comprising:
connecting a body of the P-type semiconductor switches to electrical ground; and

connecting a body of the N-type semiconductor switches to a reference voltage.

19.  The method according to claim 18, further comprising comparing the output

15  voltage of the power conditioning circuit to a bandgap voltage.

20.  The method according to claim 19, further comprising:
determining when the output voltage of the power conditioning circuit is larger
than the bandgap voltage;
20 connecting the body of the P-type semiconductor switches to the reference
voltage; and

connecting the body of the N-type semiconductor switches to electrical ground.
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