


A. Cold Startup Enhancement Block:

The cold startup enhancement blpskown inFig. 2, consists
of 4 low-Vw (LVT) PMOSswitches to initially isolate VDDH
from the output of the boost SCR'Z.,) andthe Vcapnode with
a 13nF storage capacitdCs). Theseswitches are controlled by
2 latch-based comparators thditnamicallycompare VDDH to
VeapandVcapto Vp, respectivelyAt startup signals S1 and $2
as shown in Fig. Zrebothzeroso thathe VDDH node is first
pulled up to the input voltage (M). Therefore, theSCPC is
bypassed and the internal blockart operatingAt the same
time, Csis beingchargedby Vi, and \ipisboosted by the SCRC
Once V¢yp reactes Vin and Vg, reaches Vap S1 and S2are
switchedto logic fihigho by thecomparatorsrespectivelyThis
ensurg a smooth supply transitioffrom Vi, to Vc, for the
VDDH nodeas soon atheboost SCPC and<@re ready

B. Dual-Path Down Converter Block
The first subblock in the duapath down converter is a lew

are used for both the higdide and the lovside switches for a
minimal ON resistance, especially when #wdtching signals
have lower swings at startupMOS switchesire avoidedor
ground connection obottom plates of the flying capacitors
since they provide a shorted path from ¥ the ground at
startup. Each transistor is sized individually for anraptn ON
resistance, gate capacitance, and isolation (when turned off).
For anefficient performance, voltagéevels of the clocking
signalsapplied tothe gates of theswitchesshould always be
shifted from VDDL to VDDH An optimization analysis is
performed tdind out the placement order tfe level shifters
and the mapping netwarlConsideringthe total number of
SCPCswitches(54 for boost+ 88 for buck and theaverage
activity factorof all mapping network circuitrywhich depends
onthechos@& CR), placing the level shifters firssaves power
by 40% (Fig. 3b).

D. LowVoltage DigitallyControlled Ring Oscillator (DCP

dropout voltage regulator (LDO). As shown in Fig. 2, the LDOThe digitally controlledring oscillator operates at a minimum

can be modeled as a controlled hjagss filter, in which the
output(VDDL) initially follows the input voltage (VDDH) and

of 0.25V supply and provides clocking signals to the voltage
converterghrough the NOL clock generatdt consists of two

then gets regulated at around 0.4V. This block is used at StartHR/ristor-based delay cellsnda buffer (Fig3-b). In each delay

to deliver the initially available voltage to the internal circuitry

to start the ring oscillator and tl&SM. Once the cold stanp
has taken placetheboostSCPC is clocked andDDH reaches
Vou. The FSM detectsthis event and switches the down
conversion path from the LDO to the more powticient buck
SCPChby the S3signal Theswitchedcapacitobuck converter

continuously multiples VDDH by 2/5 through cascading a

standard x1/5 voltage divider with a voltage doubler.
C. SwitchedCapacitor DGDC Boost Converter (SCPC)

cell, transistors M1 and M4 first reset the block by having a
pulsesignalat their gates. Subsequently, the drain voltages of
M2 and M3 start accumulating/dissipating charge through the
leakage curremathshatM1 and M2provide The outputshen
switchthrough thepositive feedback loop that is formed by M2
and M3 The duration of this transitighencethe frequency of
the oscillator)is adjustedby the binary-weighted branches of
subthreshold transistordinimum-size LVT transistors are
chosen for M1 and M4 to minimizes the overall power

The boost SCPC consists of 4 stages of interleaved voltagensumption while providing enough leakage current. M2 and

doublers, each performing a x1, +1 or x2 operatiig. 3-a
shows the details of each staB®&OS and NMOS transistors
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E. Level Shifters: with a linear search for the optimum CR value (coarse tuning)

The level shifters are used to change the voltage levels dpllowed by the switching frequency (fine tuning). This scheme
several logic and clock signalom VDDL to VDDH, while ~ Makes the V\_/hole processllndependent of.the'loapllng conditions.
maintairing the timing margins of the neaverlapping clocks. If a change_ln théockedT, is detectedthe circuit will re_do the

The proposed level shifter circuit is shown in FigAt startup, ~MPPT, starting from the latest locked GBource tracking)

when both VDDHand VDDL are below ¥, the input signal is
passed through the LVT inverter pdtillowed by the LVT o _ _
buffer, since no level shifting iequired and transitions should The energy harvester chip is fabricated in a 65nm CMOS
be made as sharp as possibihen the voltage levels increase, Process. The circuit performs cold startup and automatic MPPT
the level shifter patalong with the HVT buffeis activated to  With aninput OC voltage of at least 0.39V andaareragenput
avoid burning excessive power in the LVT invertdise to ~ Power (&, defined as the maximum deliverable poef
dynamic short currenthe level shiftesubblock consists of 1. 56 ¢ W, as 6xlPeakpower efficieRcy of 86%s

a stacked and crossupled structure to enhance the gainis ~ achievedwith 220nWof internal power consumption
architecture ensures thagtlevelshifting operation is feasible Three more experiments are shmin Fig.6. In one caséFig.
under all combinations of VDDL and VDDH from 0.4V to 1v. 6-b), the input voltage is first decreased from 0.6V to 0.5V to
An identical level shifter with a fixed input of VDDL is used to Mimic a degradation in the BFC energy source while delivering

1.  MEASUREMENTRESULTS

generate the LS signal for all other level shifter blocks. A higp o wer to an internal 60 #Y tes
output implies that the levshifters are ready to detect a signalthe system first detects a charigethe risetime of VDDH.
with the current VDDL amplitude. Then the CR value and the switching frequency are modified to

] . ) find the new MPP. The loading condition for this case is set to
F. Hysteresis Controlleand MPPTwith Source Tracking mimic high-power burstnode operated sensors another
The hysteresis controller block (F#).consists of two clocked case (Fig. &), the outputpoweris comparabléo the loading
comparators that compare VDDH oy and Vo.. This condi tion (1 MY external resi

comparison isperformedby using aprogrammablevoltage  decreased to 0.25V after MPPT lock and #werageinput
divider ladder for VDDH and a bandgap refererigepending poweri s set t o 2usetestdVl.0lWnhhelag V
on the loading conditions, VDDH is either kept betwee V case (Fig. &), a continuous mode operation for a capasit
and Vb, or gets saturate@bove \b.) using a hysteresis switch loading condition is demonstrated, in whitte instantaneous
that connects the VDDH node teetload ¥ ou). PLoad IS more than R. VDDH is still regulated while
The MPPT controller is an FSMynthesizedwith HVT remains above 0.9V
transistorssupplied byVDDL to reduce the dynamic and In an invitro experiment, a pair of biofuekells with a 2mm
leakage poweconsumption As shown in Fig. 5]t initially diameter is used to extract eneigya 20 mM lactate solution
generates a default Cier the boost SCP@ chargeVDDH (Fig. 7). The OC voltage is initially 0.56V with approximately
towards \bu. One VDDH approaches &/ for the first time, 5 . 9 & Wavermadeinput power The circuit performs cold
the FSM switches the down converter path fromthe LDOtothet ar t up and | oc ks adverageposver MP P
buck SCPC. Th&D MPPT is then performed by minimizing del i vered to an internalage60 Kk
the time that it take§T,) for VDDH to rise from Vo. to Von degrades to 0.39V after 10 minutes and then to 0.25V after 30
minutes, while thechip continues its operationThe die

Level Shifter Path Inverter Path LVT / HVT Buffer m'9r_°9raph and, ,the _PCB are show_n In _F&}'A power
e ) efficiency analysisin Fig. 9 and comparisorwith prior artin
Tablel shows the overall performancetb&energyharvester
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Benefiting fromtheproposed architecture, a superior efficiency
0.4V ofaverageput voltage and 5.5egW of
outputpower is achieved by the energy harvester.
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© T o,}im:.[t:m]o‘z 025 0.3 TABLE I. COMPARISON WITH PRIORART
‘Continuous operation for V,,=0.4V [3] [4] [5] [6] .
Poebau. Pz JSSC|ISSC{JsSc|Tcas of ThisWork
R, =500k Q and C,=2nF
A AAAANN 24 Technology 65nm | 0.18 um| 65nm | 0.18 um 65 nm
£ .. —— Fully Integrated No Yes Yes Yes Yes
§ os — Source Type BFC |TEG/PV|TEG/PV| PV BFC
0.4 e e ep e, e
UGN i O Duty- | Boost | Boost | Boost Boost +
»JW”T Tl Topology cycled | SCPC | SCPC | SCPC | Buck SCPC
'
0 5 10 15
Time (ms) Matched
MPPT resistor 2D 3D 2D 2D
Output Voltage (V) 0.3 3.3 1 1.2-18| 0.9i 1.5
Input Range (V) | 0.3-0.5| 0.45-3 | 0.35-1 | 0.5-1.8| 0.25-1
Cold Startup with BFC and MFPT Min Cold Startup (V) | 0.3 2.1 0.35 0.72 0.39

27 kHzi | 19 kHzi | 25 kHzi | 100 kHzi

Frequency Range | 100Hz |7y o | 96 MHZ | 1MHz | 2 MHZ

Output Power( € (4007 800 <50 |0.17 300|5.97 35.1) 17 100

81% @ 1.2V|88% @ 0.85\ 72% @ 1.2V| 86% @ 0.39V

Peak Efficiency and 1{and 2(and 3| and 1.

- N/A
Efficiency at BFC- 42% @ 0.6V| 70% @ 0.5V 66% @ 0.9V 801% @ 0.3V
Ievelsourcepower and 1| and 5 and 6 and 5.
Chip Active area(mm?| 0.582 2.892 0.54 0.55 1.4

2 Estimated from provided figures
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