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ABSTRACT: An efficient micrescale solapower management architecture for gmfvered Internedf-Things node

is presented in this paper. The proposed architecture avoids the linear regulator and preseplste amchip
switched capacitorbasedower converter in order to achieve higher -emdnd efficiency. Unlike traditional
architecturesyherethe harvested energy processes twice, the proposed architecture processes the harvested energy
only once before it reaches to the load circuit, irrespedfitke ambient conditiong he system #iciency has been
improved by 12% overthe traditional architecture. The entire power management system has been designed using
0.18 m CMOStechnology node, and the circuit simulations demonstrate that the proposed architecturaltrimenges

in a system efficiency of 82.4% under different light conditions. In addition to that, a hardwaressetaptéd using
commercially available ICs and photovoltaic cells, to validate that the proposed power management system is
practically realizablelndex Tems—DC-DC converter, energy processing, enesggvenging, Internet of Things

(loT), maximum power point tracking, photovoltaic cell, wireless sensor nodes

[. INTRODUCTION

THERE is agred inteest in powering loT nodes by scavenging ambient energy, such as solar radiation [1], thermal
gradient [2], mechanical vibration [3@r radio frequency(RF) waves [4]. Basedn the applications and arez
deployment, appropriate energy source/sources is/are utilized for powleeingT node [5], [6]. As the ambient
conditions are changing, one can not directly connect a harvester to the load as it is not rédatetaer, the
available scavenged energy may hesufficient for powering the sensor nodes all the time. Afframn that, unlike a
battery,a harvester has a continuous sowfgeower without depletion, but if it is not extracted continuously, the same
would beunutilized and lost. Therefore, an interface circuibétweerthe load and the harvester is neededydeioto
maintain regulatiorbothat the input and theutput.A typical power management architecture for 0T node is shown in
Fig. 1.
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Fig. 1. Typical power management architecture of an 1oT node.

DC-DC converters between harvesters and loads.fif$teconverter (DEDC1) is used to present an optimal impedance to the
harvester for transferring maximum power as well as converting the input voltage to a level tstichebts the load reqeiments.
Whereas, the second converter (DC2) is used tgrovide a clean regulated supply to the noise sensitive analog/RF blocks.
Therefore, both the input and output voltages of these converters are set differethtty $ystem requirements. In order to
implement DGDC1, generally switched capacitor based-DC converters are preferred over inductive -DC converters,
because, the integratiaf high-quality inductors in advance technology naslguite difficult. Moreover, in a typical mixesignal

SoC, there couldbe 30 isolated power domairisr combinedanalog andRF blocks [7]. Therefore, integratioof such a huge
numberof inductors in a single chip is quite impossible apdtly. On theotherhand, in some application linear regulators (low
dropout (LDO) regulators) are preferreder switching regulgor for powering noise sensitive analog blocksshewnin Fig. 1.In
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this architecture, as the energy is processed twice before it reaches the load circuits, theefficematly expected is
'&iDC,1x '&iDC,2 and its typical values lidsetween 65i . This includegpowertransfer losses of associated interface
circuits [8],[9]. One of the key issues with this architecture is that the
overall efficiency varies with ambient condition. Because the first switched capaciktbBxCDsdonverter has a fixeebltage up
conversion ratio and its output voltage varies with ambient condition. As a result, the dropLB¢Dosaries with ambient
condition and much of the extracted power may simply be dissipated within the LDO, and henceraheficiency will
degrade accordingly. Another key issu¢hiat often it utilizes two DE@C converters even if there is sufficient ambient energy
to power the load circuit. In order to address these issues, an efficient architecture has losed pvith following silenh
features: 1) the overall efficiency
varies minimally with ambient condition, 2) unlike
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Fig. 2. Proposegowermanagemenarchitecture and the associated control sigfoalsaintaining
regulationat theload. VPH represents thBV cell terminalvoltage andCLK represents the frequenoy
theswitching converter.

traditional architecture, input energy processes once hi¢fi@aches to the load circuit, and hence, overall efficiency
hasbeen improveddy  12%, ad 3) avoid inductive and linear converters, but presents a completethipn
switched capacitor basadchitecture.

The rest of the paper is organized as follows: Section Il discusses the proposed system areiteittuoperation.
Section Il desches the circuit implementation of the proposed architecture. Section IV presents the hardware setup,
measurement and simulation results to validate the proposed idea, and finally, Section V cdreloaiesrt

II. PROPOSED POWER MANAGEMENT ARCHITECTURE

The proposed power management architecture and the assooiatiedl signals are shown in Fig. 2. It comprises a
switched capacitor boost converter to bring the output voltage several times higher than theltageit & current
starved voltage control odleitor (CSVCO) to generate switching frequencies for the boost converter, a control unit
(CU) to regulate the load voltage, a buffer stage to store the excess energy for future refamdnaesapplication
stage to deliver the load. Due to the high podensity and ubiquitous nature of light, a PV cell has been chosen as an
energy source for powering the 10T node. The buffer stage has two moeds: storage mode and other is converter
(DC-DC) mode. The storage mode will be activated once there is tman enough ambient energy to supply the load
and converter mode will be activated once there is insufficient ambient energy to supply theutoagitHe storage
mode, it will store the excess energy into the buffer capaCBosind during the conventenode, it will act as a linear
charge pump circuit, which will pump the stored energy into the application stage. The CU compeggaence
generator associated with a stajpt circuit, analog comparators, and few logic gates to generate the reaquites c
signals for the system. The reference generator generates two reference WhiagesVR2, whereVRL is greater

than VR2 by fewtens ofmV. Their difference should be higher than theampp offset voltage, in order to avoid
unwarranted triggeringf the comparator. Apartfrom that, a stamip circuit is needed toring upthe system
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from the sleepstate to an active state if the input voltage is lower than tHME®SFET thresholdvoltage.It will
generatean auxiliary voltage highethan theMOSFET thresholdvoltage,which will eventuallyturn on the switches
of the DC-DC; converter and starts transferring charfyes the harvesteito the load circuit. Previousorks report
solutionsfor startup issue[10], [11] and thereforethis implementationdoesnot focusthe startupissuesbut assumes
thatthesupercapacitoiCg , is initially charged to bringpthesystemfrom thesleepstateto anactivestate.

In order tomaintain regulatiorat the loady, is comparedwith the internal reference voltageg, andVg,, for gen
erating control signalsP; and P,, and associated switchis@gnals,S, S, S andS,, asshownin Fig. 2. Initially,

WV, is less thanVvg, and Vg, and thecorrespondingontrol signals ar®; = 1 andP, = 1, and associatedswitching
signalsareS, = 1, S =1, S = 0 andS =1, which will eventuallyactivate the buffer stage ascanverter
modeand start deliveringhargesfrom buffer stage to thepplication stageo meet the charge deficiency. Once the
load regulation is achieveduring the negative half cycle of clock, and if teelar energy ismore than enoughto
supply the load, then theorrespondingcontrol signals will bé?; = 0 andP, = 0, and theassociatedwitching
signals will beS;=0,$=1,%=1and S =0, which willeventuallyenable théuffer stageas astoragemode for
recharging thesupercapacito€g . On the contrary, during the positive half cycle, if theranmufficient ambient
energy to supply the load, i.&/, < Vg,, controlsignals,P; = 1 andP, = 1, and associatexivitching signalsg, =1, $
=1,S$=0andS, = 1, will activatebuffer stageas converter modein order tomaintain regulatiorat the load.
Thereforedue to the involvement afomplementargwitchingbetweenthe buffer stage and thapplicationstage,
one could expect few tens afiV supply ripplealongwith theregulated powesupply. Themagnitude othis
ripple depends on the @mp offset voltage and tlielayin thefeedbackloop. In comparison withthe classic
architectureshownin Fig. 1, the proposedarchitectureconsistsof single stage oDC-DC converterinstead of two
stagesf DC-DC converter irbetweerthe harvester and the load. That means, the input energy is processed only once
before it reaches to the load. Therefore, due to having two stages@CBnverters in series, the clasarchitecture
will belimiting with respect to the overall efficiency compared to the proposed architectiadition to that, the
proposed architecture avoids power inefficient linear reguléterd DOs) and presents an efficient-cmip switched
capacitor based architecture.

Generally, the conversion efficiency of a solar cell variek0% i DQG GHJUDGHV IXUWKHU ZKHQ
intensities are varying continuously. The conversion efficiency of a PV cell can be improvedkmgteard ofering
optimal impedances dynamically and such a process is known as maximum power point tracking (MBREp&r
adopted

a lowoverhead adaptive MPPT scheme based on the negative feedback control loop [12], which elimieates pow
hungry micrecontroller, current/voltage sensor, analog/digital comparator, and bulky capacitors and resistdes. |

to adjust the input impedance of the switching converter for matching with harvester impedaoh&gfrgquencies
are varied fromdwMHz to tens oMHz. The frequency athich the maximum power transfer take place is known as
maximum power point (MPP) frequendiPP. In order to track MPP adaptively with respect to the changes in
ambient condition, inherent negative feedback control loop is utilized. This concept is illustiaigd?, thevVPH vs.
fCLK plot.

There are two independent relationshipsveerthe sane physical variableSCLK andVPH, that arise from different
sources: i) change in converter input impedance and Rdridewith fCLK (the red lines) under two different light
conditions, and ii) the change in oscillation frequef@yK with CSVCO controlvoltage (the blue line)t is tobe
noted thatfor a given light intensity there is only one intersection point (eiherB) betweenthese two curves and
the system will settle at that operating pointother words, at zero switching frequency,réhaiill be no charge
transfer takes place through the switching converter and\tRtswill be the opencircuit voltage,VOC. As the
switching frequency increases, the charge transfer take plad&&hdill beginto reduce the input impedance of the
switching converter.

On the contrary, the oscillator frequency reducesvBsl starts decreasing. This brings the possibitifyan
equilibrium point (either point Ar B), whereboth curves will intersecteach other and the circuit will lock on that
particularswitchingfrequency.

To illustrate the concept a simplified block diagram of the inherent negative feedback contisldbopn in Fig. 3,
which comprises of a PV cell, switching converter, andMC®. Let us assume, in absence of light, the current
through the PV cell is zero, and hen&#H and VPH are equals to zero. Once the light impinges on the PV cell, a
nonzerophotocurrent begins to flow in the capaci@rN and gradually increases the PV cell terminal volteBel.
Once, theVPH crosses a certailimit, say 200mV, CSVCO starts oscillating and forcing the switching convefier
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transferring chargesitherto the load capacitor/supercapacitor.tdspart ofIPH, begins to flow through the switching
converter,
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Fig. 3. Simplified block diagram of the proposed architecturéor understandingheinherentnegative
feedbacKoop fortrackingmaximumpowerpoints.
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Fig. 4. (a) PV cell output poweoltage characteristics, (b) System desireficMlaracteristic, and (c) G8CO
and system desired-f/characteristics.

charging current o€l N, i.e.,IPH i Il N, starts reducing and eventually becomes zero WREn= Il N . On this
point, oscillator lgks its frequency and remains in its state until

there is any alteration in ambient light intensities. Now, if there is a change in ambient égkttinimmediately the
IPH will goes either up or down, howevétr N will not change imminently due to the delay involved in the feedback
loop and therefore, the error currditH ill N , either goes up or down which eventually reflects/é&. OnceVPH

is changedfclk will change the input impedance of the switching @vter accordingly, which will chandé N and
reduces the error current and eventually becomes zero after few iteration.

Now, in order to make sure that the locking frequency is the maximum power point (MPP) frequeNM&OC s
been trained in such a wéyat it passes through all the system desired MPP points as shown in Fig. 4. Fig. 4(a) shows
the PV cell power voltage characteristics and maximum power points under different light intemsitegract
maximum power from this harvester, switching cemer input voltagdas tobe the maximumpower point (MPP)
voltages, which are marked as a blue doterder to get theséeMPPs CSVCO hasbeendisconnected from thieop

and plotted the combined characterist€®V cell and switching converter indgzi4(b), which is nothing bugystem
desiredV i f characteristic.

Therefore, one has to design a-ZSO, which will approximatehe desiredv i f curve well enough such that the
disparity between them is negligible as shown in 4jg). Therefore, evergtable pointwill be the MPP poinbf this
feedback control loop.

lll. CIRCUIT IMPLEMENTATION

Fig. 5 shows the complete circuit diagram of the proposed power management architectur¢opologg charge
pump[13] is adopted as switching converterlfettercharge transfer capability, compared to a linear charge pump
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Fig. 5. Circuit diagram of the proposed power management architecture.

topology. To realize charge transfer switches (CTS$IO% and pMOS transistors and transmission gates are
employed. Placement of respective CTSs are made based on their terminal voltages in order ¢o getré&sistance
[14]. Pumping capacitors arealized by orchip MOS gate capacitors to achieve compact chip area. Due to the
presence of a switching converter in between the harvester and load, harvester voltage willcexpamenripple,

and one can suppress it by placing a capadtbi\ , in béween the harvester and switching converter. In control
unit, in order to get a scaled version

of load voltagewith low power consumption and small area, a voltage divider is formed by cascading PMOS
transistors in subthreshold regime instekal traditional resistor divider circuit. Two analog comparators are used to
compare the scaled load voltay®)IV , with two reference voltage/REFL andVRER. A two-stageopen loop
transconductance amplifier with puphll inverters in a cascade is used to reattze comparator circuit, as
described by Allen and Holberg [15]. However, special carébbastaken into consideration to realize high speed

(> 50MHz) aswell as low voltage{DD = 1 V) operations. CMOS inverters and logic gatesisee

for generatingcomplementary switching signals for utilizing the buffer stage either as a storage mode or as a

converter mode. Current starved inverters are employed to make the ring oscillator and phasgalifere used

to generate nonoverlappingock signalsas shown in Fig. 6. In order to g80% duty cycleDilOLS IORSV
employed after the phase shifter circuits. In order to drive a heavy load (gate capacitor of shemiT $ast
propagation delay, buffer stages are added after the phase shifter.uffére dbage consists of aeries of
progressively sized inverters and its propagation delay will be minimized when each stage Isaans #féort [16].
During the positive hal€ycle of clock _, capacitorC2 will be charged from the harvester and camad@l will be
discharged to the capacit@3. While, in negative half cycle of clock capacitorCl is getting chargedrom the
harvester and capacita@® andC3 alongwith VPH will discharge either capacit@lL or CB, dependingn the control
signalsVM8 andVM9. In order to generate these conts@nals,CP1 compare&/DIV with VREFL andtriggerseither
controlsignals,C P; compared/p, v with Vger; andtriggerseither
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Fig. 6. Nornoverlapping clock generator circuit.

Vuws Or Ve during the negative half cycle of , and theorrespondingiming diagramsare shownin Fig. 5.
Dependingon comparatortriggering, switching converter will connect eithdsuffer stage orapplication stagef

Vpi v is lower thanVge 1 during the negative half cyclaf , Vg will trigger the Mg transistor and/yg will turn off
both Mg and My; transistors, in order to maintain loadgulation.Once the input energy meets the supply
requirementsi.e., Vpv > Vger, Mg Will be tun off and Mg;; will be turned on for storing the excess
energy.Therefore, due toomplementargwitching between applicati®tageandbuffer stagey, is regulated and
theremainingexcessnergy,is stored in the storage capaci@y, for future usesNow, if Vp, v is evenlower than
Vke r2, that means, the scavenging energy is not sufficient to meet thedgaitements,a control signalwill
trigger theM,, transistorwhich will then allow the dischargef Cg to theC, in order b mitigate any imbalances
between available inp@nergyand the output energy. In order to validate this idesyséem level simulationis
carriedout and ahardwaresetup

Fig. 7. Layout of the proposed power management interface circuit.
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Fig. 8. Output current variation with resp Fig. 9. Output power variation with respect to
to PV cell terminal voltage for three different PV cell terminal voltage for three different
light conditions. light conditions.

is createdusing commerciallyavailable ICs, capacitors, agdiar minipanelsandtheyare described in the next section.
IV. MEASUREMENT AND SIMULATION RESULTS

The proposed powenanagemeninterface circuit is designed and simulate®ib8 m CMOS technologyand its layout is
shown in Fig. 7. The layout dimensions of the interfacaitis 1530 i mx650 i m and the major area abccupation
is mainly due to the pumping capacitd®sstlayout simulations are carried out usistandard foundriOSFET models.
The sizes of theowertransistorqW/L) andpumpingcapacitors arehoseras600 m/0.18 m and
500 pF, respectively. In order to suppress the input ripplé€sy is chosen as 12IF and to reduce theimulationtime,
buffer capacitorCg and load capacitdC, are chosen &0 nF and10 nF, respectively.

A. PhotovoltaicHarvester

To emulate the PV cell in theimulation engine, an eledrical equivalent model is used as an input energy source as
shown in Fig. 5. To find the model parameters ofdbisvalentcircuit, an experiment wasonductedwith two series
connectedPV cells (Model 1100, from Star World Inc. [17]). A 40-Watt bulbis used as the light source ancemulate
ambientvariations, thepositionof the light bulb with respect the harvester is varikd.order to vary théoadresistance, a

standargotentiometewvith therangeof O | . LV XVHG )LJ DQG VKRZV WKH RXWSXW FXUUHQ
2
1
1
0
0.14 0.18

Fig. 10. Simulated waveform of clk and clkb under a@d6control voltage and.% V supply voltage.
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power variation with respect to PV cell terminal voltage for three different ¢éighditions,500 Ix, 1000 Ix,
and 15001x, respectively. It may be noted thfat a given light intensity, theutput of solarcell behavedike a
current sourcecombined \ith a voltage limiter and at the transition point (whemea underthe curve is
maximum), it offers maximum output power shown in Fig. 9. Now, from the slope afieasuredl i V
characteristiqdotted lines), one can calculate #wpivalent serie$Rs) and shunt Rsy ) resistances for the
equivalent electrical model a&f PV cell. The slope near to tlpen circuit voltage corresponds to the series
resistanceand theslopenearto theshort circuit current corresponds to shunt resistance. After fitting these
parametersvith appropriateshortcircuit current,lsc, and anumber ofdiodes in theslectricalmodel,simulation

is carried out and the results are plotted in Fig. 8 and 9 (solid lines). iSheermismatch in the open circuit
voltage at 1500 Ix, but for an energy processing circaigitching is importantat the transition pointwherethe
PV cell offersmaximumpowerto the interfaceircuit.

B. Non-OverlappingClock Generator
An arrgy of five-stage ! = 5) current starved inverrs (CSINV) and two phase shifters are used to
achieve the

Fig. 11. Control signals variation with respactambient conditions.eft hand side represenémough
ambientenergy whereas right hasitlerepresent insufficient ambient energy conditighg].

desired clock frequencies for maximum power point. Voltagesand VI N are used for power supply and for
controllingthe oscillation frequency, respectively. TWg/() of PD1 andNBL1 are kept at (36/0.18) m and W/L) of
POl - POMandNO1 i NOM are kept at (B0/0.18) m and (090/0.18) m, respectively. Tha///L) of PMOS and
NMOS of CSINVs ( NV1i | NVM) are kept at (@0/0.18) mand W/L) of PP1 i PPMandNPl i NPMare kept at
(0.72/0.18) m and (036/0.18) m, respectively, for this implementatiohreduced load clock load static masséave
register is usetb realizeD i FF [18]. To drive heavy loads, an arraymbgressively sized inverters are incorporated
after theDi FF and their sizes argiven in the figure itself, whereW represent the widtlof combined power
transistorswhich are driven by the clock generator anelrepresents each stage efforfsdetailed discussion of
progressive sizing inveers can be found in [16] and [19]. Fig. 10 shows the simulated waveform of the non
overlapping clock generator under supply voltdge V and control voltage 405V. The oscillation frequency
achieved with this input condition is 15MHz, with a cosbf 12.3 W power consumption.

1 C. Control Unit

As the conventional bandgap reference circuit restricts its operation be?&wW1 subthreshold CMOS current
reference circuit [20] has been chosen to generate referet@ges VREFL = 810mV and VRER2 = 800 mV, for

this implementation. The detailed operatafithe reference generator and comparator circuitbeéound in previous
work [21]. Fig. 11 showsthe outputof the control unit under two different light conditionshen there isenough
ambient aergy to supply the load andhenthere is insufficient ambient energy to supply the load. During the negative
half cycle of clock, if the sample voltagéDIV , is higher than the reference voltay®EFL, control signalVM9 will
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turn on M9 and M10 transistors, andM8 control signal will turn offM8 transistorOn the otherhand, if the voltage
VDIV is lower than the reference voltag®EFL, control signaVM8 will turn on M8 transistor andurn off M9 and
M10 transistorsrespectively, to mainiathe regulation. However, if the voltage

1.2
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Fig. 12. Complete system simulation when there is enough ambient energy to supply the load.

VDIV is even lower than the second reference voN&RER2, then the control signal will turon M11 andM9 transistors by the
control signal , to transfer the charges fra@B to CL . Therefore, an appropriate triggering of the control signals are occurred
to provide better load

regulation.

D. Complete Syste@imulation

After integrating all the individual components of energy processing circuit, a system levelisimiglaarried out to qunify

its benefits. First, we have simulated the complete system endeigh ambient energy and afterward have examined the
behavior when there is insufficient ambient energy for a small period of time.

1) Under Enough Ambient Energlyt sucha light condition, the system will utilize only a single DT converter

to maintainregulation at the load and the excess energy will be preserved in a storage c@gaditoemulate such varying
light irradiance, the photocurren§C is variedfromemulate such varying light irradiance, the photocurtegt,is varied from
2.70 mA to 350 mA which corresponds light intensity 600 Ix to 1000 Ix, and corresponding variations of PV celiaermi
voltage, energy storage voltage, and load voltage are presented

v =1.132V. 'V __=1.235

LOAD.UR ST

\

V= \" / =
STO 364 m LOAD.R!

\\

V =405 mV

PH

25 50 75 100 125 150 175 200
Time uS)

Fig. 13. Complete system simulation under sufficient and insufficient amariengyy to supply the load.
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Fig. 15. Conventional capacitor less tdwopout (CL-LDO) regulator.

Fig. 14. System efficiency as a function of photovoltaic cell voltage for the proposed anohtahditchitecture.

in Fig. 12. For PV cell terminal voltage§/RH), 415mV and 465mV, the unregulated load voltagegL(OAD,UR reached are
1.04 V and 1130 V, and regulated load voltagéL{OAD,R

reached is D1V, respectively. It took less than 28to reach its steady state value for each light irradiance step. The proposed
architecture will work properly once the photocurrent reached is above or equ meA2 otherwise, the load voltage will goes
below 1 V, and one may not be able to mainthendesired regulation at the load. Therefore, during this light condition, there
will not be any excess energy that

can be stored in a rechargeable battery. On the contrary, when the photocurrent rB@ch&s\ghich is more than enough to
supply the lod, and the excess energy will be stored in a storage unit for further use, as shown in Fig. 12.

2) Under Insufficient Ambient Energhn this light condition, the proposed system will utilize the stemeergy

to maintain the load regulation. The variatiohPV cell terminal voltage, energy storage voltage, and the regulated and
unregulated load voltages are presented in Figrd'®V cell terminal voltages 330V to 405mV, the unregulated load voltage
variesbetween1.132 V to 0922V. Therefore, to matain regulation at the load, one has to store the excess energyRHés
405mV and utilize this energyhenVPH is 330mV. By doing so, one can achieve a regulated load

Fig. 16. Hardware setup for the proposed power management architegturaotovoltaic Cell; LM: Lux Meter; PMU: Power
Management Unit; DSO: Digital Oscilloscope; DMM: Digital Multimeter; MM: Multimeter; PS: Pddepply; FG: Function
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generator.

~20 mV

=310

Fig. 17. Measurement results of PV cell terminal voltageH), nonoverlapping clock signals (CLK and CLK_B), and
no-load output voltageM[.O AD) at 100 Ix light intensity

voltage,Vi o apr Of 101 V. The regulated voltage hasly, 15mV ripple, and one may reduce it further by
minimizing opamp offset voltage.

mV

mV
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CLK
Vst0~1.44V
CLK
Vo ~210 mV
Vsro~1.41V

Fig. 18. Transient response when the light intensities varies from 100 Ix to 330 Ix: (a) irggahgdtan the light
intensity change from 100 Ix to 330 Ix, (b) after 21 sec, while maintained light inten389 Ix, (c) after 44 sec,
at 330 Ix light intensity, and (d) when the light intensity changes from 330 Ix to 100 Ix.
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In order to calculate the effective system efficiency, one has to considpovieetransfer loss due tboth the
contrd unit and the nowverlapping clock generator [22]. The power consumed by the clock generator at a supply
voltage 1.5/

is 123 W, whereas, the control unit consume3l8N at 15MHz clock frequency. Therefore, while calculating the
net harvested power, one has to deduct theserfrom the output power. Fig. 18howsthe overall system efficiency
asa function of PV cell terminal voltage of the proposed taditional architecturdn order to calculate the overall
system efficiency, average input power and average output power are taken into consideratiambigtieondition
are changing with time [12]. Once the interface circuit provides regulation at the load, the effieraticy of the
system is calculated. Theoposed architecture achieved a peak efficiency 82.4% for input voltages higher than
365mV. In order to compare with traditional power managenaeahitecture, a capacitbess lowdropout regulator
(CL-LDR) [23] hasbeenincorporated (ashownin Fig. 15) inbetweenthe switching regulator and the load, and the
buffer stage is eliminated from the architecture. Bneramplifier EA) is designed to achieve a voltage gain 40 dB
and the W/Lof the pass trandisr (MP) is kept at (2000/1)m to deliveraload of 101 mwW with the supply voltagev

N) of 1 V. Theopenloop AC responseshowsa voltagegain of 59.22dB anda phasemargin of 84°.The overall
efficiency achievedafter incorporatingthe CL-LDR is  69.7% as shownin Fig. 14, where, pcipca (Switching
regulator), pcipcz (CL-LDR), andV. o apurare 84%, 83.3%,and1.01V, respectivelyAs one movetowards
higher input voltage, the intermediatevoltage ¥.0 apur) goes up and reaches1.132V for Vpy = 450mV, and
eventually the CL-LDR and overall system efficiency have degraded to 73% and 60%, respectively.
Therefore, in comparison with proposed archi tecture, thesystemefficiency has beeimprovedby 12.7% for

Vio sour= 1.01 V and  224% for Vio apur = 1.132 V. Thoughthe percentagef improvement dependsn the
ambientlight intensities, one can expect at leastl2%improvement for this implementation.

E. Experiment Results

In order to validate theproposed power management schemahardwaresetup iscreated using
commerciallyavail ablelCs, capacitorsandsolarmini-panelsas shown in Fig. 16. IC&LD1103 [24], LM2903P
[25], andHEF4071B[26] areusedfor MOSFETs,comparatorsandOR gatesyespectivelyThree 1 F capacitors
andtwo 1000 F capacitors are used for

TABLE |
PERFORMANCE COMPARISON AMONG STATOFTHE-
ART POWER MANAGEMENT ARCHITECTURE FOR MICRO
SCALE ENERGY HARVESTING SYSTEMS

Ghosh [29] Shao Shih
solar solar solar solar solar
60 k-1x 600 W/m? 1141 Ix 1500 Ix 2152 Ix 600 Ix
CBC CBC
59% 65% 67% 58% 83% 40% 82.4%
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CLK

Fig. 19. Measurement of control signals at 330 Ix light intensity.

chargeransferandstoragerespectivelyTwo seriesconnected minsolar panelgModel 1-100, from Solaiworld Inc.
[17]) are used taonvertlight energyto electricalenergy. A digital luxmeter (Mastech MS661(27]) is used to
measure the light intensity. Feystem clock, AgilenB3250Afunction generator [28] is used and tgenerate non
overlapping clocksignals phase shifter circuits amaplementedusing ALD1103ICs. To represenambientlight
energy40W light bulbis usedfor conductingthe experimentin order tovarythe light intensity, the distance between
the light bulb and solar panels aezied.

Fig. 17 shows the measurement resofitBV cell terminal voltage(Vey ), Non-overlapping clocksignals(CLK
andCLK_B), andno-load output voltage V.o ap) at 100 Ix light intensity. Underthis light intensity,Vpy offers

310mV to the interface circuit and with the help rbnoverlgppingclock signals,the load voltage reached

is 990mV with +

20 mV ripple. Once the load isonnectedl,. 100 A), underthis light intensity,Vio ap IS settled down to zero
because of thsufficientlight intensityfor poweringtheload. Fig.18 captures four images when the light intensity
variesback and forth between100 and 330 Ixes. Fig 18(ahows the initial stagavaveformswhere the light
intensitychangegrom 100 Ix to 330 Ix. As soon as the light intensity increaggsreaches

375mV and the load voltage starts increasing from the 0 V.

Once the load voltage reachesl V, buffer voltageVsrO startsincreasingasshownin Fig 18(b). The PV cell
terminal voltage is increasing once the leattageandbuffer voltageapproaches the finallueas shown in Fig.
18(b) and (c).Becausejnitially the load capacitorwas emptyand thecharge pummraws morecurrentfrom the
harvesterwhich eventually lowers the PV cell terminal voltage. Once the capacitbraiged, the load demand is
reduced and eventuallyPV cell terminalcurrentis reduced and theoltageis increased. Aftestoringsufficient
energyin theCg , light intensity waschangedrom 330 Ix to less than 100 IkIJndersuch a conditionypy has come
downto 210mV, whichis not enough to maintain regulation at the load. In sumbndition,the storecenergyis
utilized and theregulationis maintainedat theload as shownin Fig. 18(d). Therefore, it impparentfrom the
measurementesults that theroposedechniquecan maintairregulationattheload,irrespectiveof whetherthereis
enoughor notenoughambientenergiego supplytheload.

The measurementesults of control signals at 330 Ix and 100 Ix light intensitiesteoen in Fig. 19
and 20, respectively. The 330 Ix lighttensity case represents enougmbientenergy, wheread00 Ix light
intensity represents a case which ambient energyis insufficientto supply the loadAt 330 Ixlight intensity,
during the negative phase of clock, control signdlg and Vo are generatedlternativelyto transferthe charge
either to the loador to thestorageunit, whereas the ctmol signalg remains at logic zerstateswhich means that
the ambient energy is enough to maintain regulattdhe load. On theontrary,at 100 Ix light intensity, during the
negativephaseof the clock, the control signals and Vi, are in logic zero and logic one statespectively,
whereas the control signglchangesdts state alternativelguringthe phases of the clock. It indicates that the
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ambient energy isnsufficientto supply the load and toaintainregulation it utilizes the storeénergy.
Table| showsthe performancecomparisonamongthe stateof-theart power managementarchitectures for
micro-scale

CLK

Fig. 20. Measurement of control signals at 100 Ix light intensity.

solar energy harvesting systems. Among the capacitive boost converter, the proposed one hasnkigis@nc
efficiency and higher power delivery cdjiity. Moreover, the proposed one has highest switching frequency which
allows smaller component size and compact -elnga. Further, the proposed one has lower MPPT overhead as it
utilizes inherent negative feedback loop for maximum power point tracking.

V. CONCLUSION

An efficient onchip powermanagemenarchitecture for solar enerdparvestingsystem is presented, which utilizes
a singlestageDC-DC converterwhen there ignough ambiengnergy formaintaining regulatiomt both the input and
load. The proposed architecturatilized the storedenergyto main tain regulationwhen there is insufficient
ambient energy to supply thi@ad requirementTheproposed architectuigvoidslinear regulator and utilizes simple
chargepumpconcept in order tanaintainregulation. By utilizing a switchingonverter insteadf a linear regulator,
the proposed schemaehievedhigherendto-endefficiency.Simulation,as well as experimentalresult, areeported
to validate theoroposeddea.
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