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Abstract—The lowest input voltage for a single-inductor switched-
inductor (SL) boost charger to draw power is critical for energy-
harvesting applications. When a battery is fully discharged, the
charger solely relies on the millivolt input-source voltage vs to
wake the system. When the charger is awake and operates in static
mode, it needs to draw power from low-voltage vs efficiently. Thus,
the major contribution of this paper is theorizing the fundamental
limits of SL converters, and experimentally validating the lowest vs
possible for a single-inductor boost to operate, both in wake and
static mode. This paper derives closed-form design expressions for
all circuit components and validates the design theory with a 1.6-
pm CMOS prototype. When source resistance is 350 €, this
prototype validates that the lowest-possible vs for SLs in wake
mode is 225-285 mV. In static mode, the lowest-possible vs for SLs
is 40 mV. Despite recent literature shows that switched-capacitors
(SCs) can wake with lower vs, theorizing and experimentally
validating the lowest vs possible for SL converters can prove the
fundamental limits of SL chargers. Moreover, since this paper also
validates that SLs operate with lower vs than SCs in static mode,
thus, SC-SL hybrids are the best system.

Keywords—Switched inductor, CMOS, boost charger, low-voltage,
low-power, wake, static, design theory, experimental validation.

1. Low-vin MICROSYSTEMS

Internet-of-Things (IoT) technologies can save money, energy,
and lives [1]. Powering these low-voltage, energy-limited tiny
microsystems is challenging because their tiny on-board batteries
vg drain quickly. Also, these IoT micro-systems are often placed
at hard-to-reach locations, so replacing batteries is prohibitively
expensive. One solution is to harvest ambient energy to recharge
their batteries. Energy sources like thermoelectric generators
(TEGs), photovoltaic (PV) cells, and microbial fuel cells (MFCs)
[2] can collect energy from temperature gradient, light, and
biochemical reactions to power IoT microsystems.

One challenge brought by these energy sources is that source
voltage vs may become unavailable. When ambient energy is
absent for a prolonged duration, vs stays at 0 V and tiny on-
board battery vg can get fully discharged. When vs recovers to
40-350 mV again, the switched-inductor (SL) charger shown in
Fig. 1 must solely rely on this 40-350-mV vs to wake the system
and charge vg when vg is initially 0 V [3].

Despite recent literature like [7] shows Switched
Capacitors (SCs) requires lower vs to wake the system,
theorizing and experimentally validating the lowest-possible
vs to wake a SL charger can help understand the fundamental
limits of SL converters during the wake-up process.

Another challenge is with only 40-350-mV vs, chargers must
be highly efficient when the system is awake and operates in
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static mode. SL chargers are superior to SCs in static mode
because SLs are more efficient and requires lower vs to harvest
power. Therefore, this paper also theorizes and experimentally
validates the optimal peak inductor current so that SLs can
charge v to the targeted battery voltage vgrar) with the lowest-
possible vs in static mode.

The third challenge is compactness. The volume of tiny IoT
microsensors is often in millimeter-scale [11]. This means loT
microsystems can only use one tiny off-chip inductor [4], which
is often lossy [10]. Thus, this paper theorizes single-inductor
SLs. Moreover, for miniaturization, millimeter-scale thin-film
TEGs are much more appealing than patch TEGs, because bulky
patch TEGs may occupy 49-115x larger area [6-7, 17].
However, millimeter-scale TEG's internal source resistance Rg
can be 29—-70x higher than the Rs of patch TEGs. This high Rg

further limits available power.
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Fig. 1. DC-sourced low-viy microsystem.

To distinguish this paper from [3], this paper provides
experimental data that validate the proposed design theory and
adds complete closed-form design expressions. This paper
focuses on the wake-capable single-inductor SL boost charger in
Fig. 1. Compared with [3], major contributions of this paper are:

1) Experimental validation: with a 1.6-um CMOS prototype,
the lowest vs for a single-inductor SL charger to operate in
both wake and static mode are measured across all design
variables (i.e., inductor, power switch channel width, ring
oscillator design, & peak inductor current). Results prove
the theory and experimentally validates the fundamental
limits on the lowest-possible vs for SL chargers.

2) Closed-form design expressions: in addition to theoretical
derivations presented in [3], this paper directly provides
closed-form design expressions for every component in a
wake-capable single-inductor SL charger, while taking
the voltage drop across the high Rg into account.

This paper is organized as follows: Section II derives closed-
form design formulas for every circuit block of the wake-capable
single-inductor boost charger, so that it can operate with the
lowest-possible vs. Section III validates the theory across all
design variables using a 1.6-um CMOS prototype. Section IV
compares and discusses prior arts. Section V draws conclusions.

II. LOWEST-ViNn SWITCHED-INDUCTOR DESIGN

A. Boost Charger

Woake-capable single-inductor SL boost charger is shown in Fig.
2. When vs rises above 0 V after a prolonged absence, vg is fully



discharged to 0 V and the highest voltage available is this 40—
350-mV vs. Thus, the vg-supplied static control shown in Fig. 2
& 5 is inactive, and the SL solely relies on vs to charge vg in
wake mode. Headroom voltage Vg is the lowest voltage required
to supply the static control and fully turn on power switches.
Static control detects when vg reaches Vur and transits the system
into static mode to operate with much higher efficiency.

Wake: In wake mode, the lowest-possible vs such that the SL
can boost voltage and output net power to vg is called wake
output threshold vwo) in this paper. An integrated low-voltage
ring oscillator (R.O.) in Fig. 2 generates gate control signal for
ground switch Mg since static control is inactive. An R.O. is
preferred over an LC oscillator because it is fully integrated and
needs no additional inductor. Mg closes to energize Lx from vix,
and inductor current i starts to increase. When Mg opens, iL
charges parasitic Csw until vsw rises and diode-connected
MOSFET Dg forward-biases to steer ip into vg. The SL is
asynchronous in wake mode. Therefore, when i. reaches 0 in
wake mode, Dg will be reverse-biased to stop reverse i, flow.
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Fig. 2. Wake-capable single-inductor low-viy SL CMOS charger.

Design target in wake mode is not high efficiency, but to
minimize vwo) so the SL charger can transit out of wake mode
with the lowest-possible vs. To minimize vwo), Lx must carry
as much energy as possible to charge Csw and forward-bias
Dg. So, Mg should close for a long-enough period until ip
maxes to maximize Lx's energy. Thus, unlike a conventional
SL boost, i. should flat out in wake mode for a wake-capable
SL boost as shown in Fig. 3. Consequently, wake-mode i.
profile resembles a square wave. Fig. 3 labels the R.O.'s
oscillation period tosc, energizing time tg and drain time tp of
the inductor Lx, and rise time tg and fall time tg of the inductor
current i.. Because tg and tg are small fractions of tosc, iL's
square-wave approximation is valid.
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Fig. 3. Simulated inductor current profile in wake mode.

Static: In static mode, the lowest-possible vs so the SL
boost can output enough power to charge vg to its target
voltage vp(rar) is called static output threshold vsi) in this
paper. Because vs avails little power, the static-mode SL is in
Discontinuous Conduction Mode (DCM). Thus, Lx delivers
discrete energy packets to vg, as Fig. 4 shows, where tsw is the
switching period of the SL boost, and conduction time tc is the
time when it is non-zero. To minimize vs(), efficiency of the
SL charger needs to be maximized. In DCM, this means

maximizing the efficiency of individual energy packets. Static
control sets peak inductor current i (k) to maximize each
energy packet's efficiency. Across different power levels,
static control fixes each energy packet and only adjusts the
frequency of energy delivery. Trade-off between Lx's ohmic
loss and converter's charge loss dictates the optimal irpk). This
is discussed in Section II.H.
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Fig. 4. Simulated inductor current profile in static mode.

Static Control: Block-level diagram of the static control is
shown in Fig. 5, and vg supplies all the blocks. As Fig. 6
shows, once vg is higher than Vyg, the level detector LDyg,
similar as in [5], senses this event and signal vsraric trips from
0 V to vs. VstaTicBAr), Which is an inverted version of vsraric,
trips from vg to 0 V. vsratic shuts off Mopr in Fig. 2 once vg
reaches Vug, so the R.O. and the wake driver are disabled in
static mode. vosanr) is the intentional offset added to the Zero-
Current Detection (ZCD) comparator CPzcp. which will be
discussed in detail in Section I'V.
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Fig. 5. Block-level diagram of the static control.

vstaTic enables comparator CPypp, which regulates vin to
the Maximum Power Point (MPP) voltage vmpe of the energy
source [15]. Once vy reaches vapp, Ve trips high to trigger
Mg's gate control signal vgi'. This demands Lx to draw an
energy packet from viv. The delay block tg sets the pulse-
width of vgi', and consequently sets irpx). A look-up table
externally sets viupp. In static mode, switches Mp and My are
closed, and the gate driver in the static control drives the
ground switch Mg.
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Fig. 6. Simulated wake-to-static transition waveform.

vstatic also enables comparator CPzcp, which generates
vor to turn off Mg when ip reaches zero in DCM. LDuyg,
CPwmpp, CPzcp can be implemented in similar methods as in



[5]. Fig. 7 further summarizes the control sequence.

Typical Zero-Current-Detection (ZCD) comparator CPzcp
adds offset voltage vos to compensate for its propagation
delay, so that it turns off Mg accurately when i. reaches 0
[10]. vos of CPmpp makes vy deviate from vmvpp. Fortunately,
near the MPP, input power Py (from the TEG to the SL boost)
is less sensitive to vin (specifically, 10% error in vy causes
1% reduction in Ppy). Thus, there is enough margin for error.
Moreover, with enough power budget, typical vos reduction
techniques such as auto-zeroing, chopping, and dynamic
element matching also apply. A detailed discussion on the
effects of comparator offset voltage is provided in Section IV.

VsTaTic = VB

Static Driver, Control, Mg = ON
R.O., Wake Driver, Dg = OFF

R.O.. Wake Driver, Dg = ON
Static Driver. Control, Mg = OFF

N3 N3

|__Enable Wake Mode | | Enable Static Mode |
N N

| Charge Cg: | Charge Cg:

Nwoun = 12% Nsavax) = 72%

Fig. 7. Control flow chart.
B. Switched Inductor

For energy harvesting applications, SL chargers often operate
in wake mode [9]. Thus, designers should select this single
inductor Lx to minimize vw). For this purpose, Lx should
carry the highest energy possible. In wake mode, Mg's gate-
drive voltage is no higher than the 40-350-mV vs. So, Mg is in
sub-threshold and presents kilo-ohm channel resistance Ruc.
This wake-mode Ry is much higher than Lx's Equivalent
Series Resistance (ESR) Ri. Thus, Ry's effect is negligible in
wake mode. Therefore, for highest inductor energy, Lx is
chosen to be the highest one within system volume constraint,
regardless of its ESR. This design uses a 10-mH, 6 x 6 x 2.4
mm? inductor with 76 Q ESR. Maximum Lx energy is:
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C. Ring Oscillator

The R.O. comprises a closed ring with odd number of inverters
[3]. In wake mode, the 40-350-mV vs supplies the R.O. The
lowest vs so a R.O. can start oscillations and prevent the SL
boost from halting is called wake functional threshold vw) in
this paper. P/NFETs in the R.O. are sized to minimize vw).

For this purpose, designers should size PFETs and NFETs to
counter the device differences in mobility p, sub-threshold slope
factor n, and threshold voltage vry to balance their strengths [3].
The optimal ratio for PFET & NFET width Wp & Wy is [3]:

R
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To reduce oscillator loss, all FETs in the R.O. should have
minimum channel length Lyin. The smaller FET between the
P/NFET should have minimum channel width. In this design,
Lmi is 1.6 pm. Because PMOS threshold vty is about 50 mV
less than NMOS threshold vy in this process, therefore Wp is
set to the 2.2-pm minimum channel width, and Wy is 4.3 pm.

For a R.O. with balanced P/NFETs, its duty cycle is about
50%. Therefore, tg in Fig. 3 is about 50% tosc. For an R.O.

with Ny stages, tosc is about 2tpNpy. tp is about 2In2xtny
(about 1.4xtvy) [16], with tivy being the RC time-constant of
inverter's channel resistance Rnwv & inter-stage capacitance
Civv. As mentioned in Section II.A, to maximize Lx's energy,
ir, should flat out. Thus, tg should be much longer than ir's LR
time-constant Tty r. For ip. to reach 98% of its maximum, tg must
be longer than 4 x tigr:

tp m 00 = 2B 2 (1 4, )N >4 3)
Solving equation (3) reveals that Nivv must be greater than:

41, _ 4t ~ 4(Ly /Ryq) . 4)
tF' 1'4‘I‘-INV 1'Al'(lleV(:INV)

To guarantee a long-enough tg across process variation, Ny is

set to 25 as a design choice. Designed tosc is longer than 39 ps.

D. Ground Switch

In wake mode, vs not only need to rise above vw) so the R.O.
is functional and controls Mg, vs also need to rise above vwo)
as defined in Section II.A so the SL can output net power to vs.
Designers should size Mg's width W, so that the SL achieves
the lowest vw(o). As shown in Fig. 2, for a SL boost to output
power in wake mode, Lx must charge switch-mode parasitic
capacitance Csw until Dg turns on. This means Lx must charge
Csw to one diode voltage vp above vg. Thus, viy must be high
enough to provide Lx with enough energy to charge Csw. Lx's
energy Er must be higher than:

. 2
LXIL(MA)()Z L A\ C 2
E, = 5 zT" R::G >E gy :%(VB +vp) . (5)
To reduce ohmic loss, Mg has minimum channel length Lyn.
A wider Mg has less channel resistance Ry and allows Lx to
hold a higher current and more energy. But a wider Mg has
higher drain-bulk capacitance Cpg and needs more energy to
charge Csw. Since Er rises quadratically with irax)and W,
but Cpg only rises linearly with Wy, so as Wy rises the
lowest vy required to provide Lx with enough energy reduces.
Solving equation (5) reveals that vinomy drops with Wyg0:
CSW
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where kviy is a coefficient that lumps all factors other than
Wwie together. kyi is:
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where pmg 1S Mg's channel sheet resistance, and Cpg' is the
Cpg per channel width. Consequently, the lowest input voltage
vinviny 18 inversely-proportional to the square-root of Wyg.

Most energy sources have significant source resistance Rs.
For tiny TEGs, Rs can be 180-350 Q [5, 8, 20]. Moreover, Rg
can drop 14-127 mV in wake mode [20]. Thus, vrs (labeled in
Fig. 1) is significant for a 40-350-mV energy source. As
shown in Fig. 2, a larger Mg demands a higher wake driver
current ipry to drive its gate, and thus incurs more vgrs drop.
Approximately, average inductor current iravg) and average
wake driver current iprv(ave) flows through Rs and creates vgs
drop. Wake driver charges Mg's gate capacitance Cmg per tosc,



s0 iprv(ave) 18 roughly Mg's gate charge Qcwmc per tosc. Wake
mode i, resembles a square wave as Fig. 3 shows, thus irava)
is roughly the tg/tosc fraction of irmax). Therefore, vgs is:

Vs ® Rs (IDRV(AVG) + lL(AVG))

. t
~ Ry (QCMG J"’ 1L (max) [ 2 \J
tosc tosc

R CMG "LMINWMGVIN(MIN) VINMIN) [ tg ]
~ Ry + —_—
tosc R

MG tOSC
=k W,

VRS MG
where Cumg" is Cwmg per unit channel area. Since vinoiny 1S
inversely-proportional to Wwmg®®, so iprv(ava) is proportional
to Wag?>. Also, since Ryg is inversely-proportional to Wg,
s0 iLmax) and i ava) are roughly proportional to Wug">. As a
result, vgs is also proportional to Wyug®® and kvgs is a
coefficient that lumps all factors other than Wyig. kygs is:
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Therefore vw(o), which refers to the source voltage vs, thus is:
k
N+ Kyrsy) Wi - (10)

Vwo) = Vineumy T Vrs = \/Wi
MG

Rising Wy reduces the lowest vy required to energize Lx
and charge Csw, but this increases vgs. To minimize vwo),
Wi should be optimized so that low vy can provide Lx with
enough energy, and vgs is also not prohibitively high. As a
result, optimal width Wy (denoted as Wg') is derived as:

k
Wy = an

kVRS
By substituting kyiv and kyrs expressed in (7) and (9) into
(11), the calculated and designed W' is 24 mm.

E. Output Switch

The output switch consists of an asynchronous diode Dg and a
synchronous PMOS Mg in Fig. 2. Asynchronous diode Dg only
operates in wake mode to steer ir into vg without feedback
control. Synchronous PMOS Mj only operates in static mode
and is turned off by the static control when i, reaches zero.

Asynchronous Diode: PMOS threshold voltage vruep) (i.e.,
300400 mV) can be lower than the voltage vp dropped across
a junction diode (i.e., 600-700 mV). If PMOS with a vy that
is lower than vp is available, a diode-connected PMOS Dg in
Fig. 2 can be used as the output diode in wake mode. This
reduces Dg's forward voltage drop and ohmic loss. Leakage
loss Pk is non-negligible in wake mode. When a switch is off,
Pk scales quadratically with the voltage vik across the switch.
For a low-viny boost, Mg's vik is less than the 40-350-mV vs
while Dg's vk can be close to the 1.0-1.8-V vg, which is 2.9—
45x higher. Thus, minimizing Dg's leakage is the most crucial
design concern, and Dg's width Wpg should be minimum:

Wos = Wy - (12)

Synchronous PMOS: In static mode, high vg supplies gate
drivers, so Mg can be fully turned on and its channel resistance
Rump is much smaller than the tiny Lx's high ESR. So, Mg's
conduction loss is negligible compared to Ri's loss Pgr.
Moreover, Mg's width Wy should be optimally sized so that
its loss is minimum. Mg's loss consists of ohmic loss Pygr) and

gate-drive loss Pwmp). Pmar) is Root-Mean-Square (RMS)
current squared times Ry, which is inversely proportional to
WuB. PMB(C) scales with Wyg:
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where tp is the drain time as labeled in Fig. 4 and Cgp) is
Mg's gate capacitance. kmpr) and kmvs(c) are Wvs-independent
coefficients that lump all factors other than Wy together:
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where pmp 1S Mg's channel sheet resistance and Cgms)" is
Cop) per channel area. So, for an optimally sized Mg, its
conduction loss should be equal to its gate-drive loss [10]. The
minimum loss Pug' is:

Pp'=P

MB ' MB(R) + PMB(C) '= 2\[kMB(R)kMB(C) > (17)

where PMB(R)' and PMB(C)' are the optimal PMB(R) and PMB(C),
respectively. The optimal width Wyg' is:

k
W' = ‘/—kM‘”’ : (18)
MB(C)

For an optimally sized Mg, Pumpr) equals Pvp) and both
are negligible compared to Prr. So, Mg's total loss is negligible
compared to Prp. In this design, optimal Wy is 160 pum.

F. Gate Drivers

To minimize propagation delay, gate driver's optimal scaling
factor Ax (denoted as Ax') is e = 2.7 [16]. However, designing
at the optimal scaling factor increases power consumption.
Thus, Ax is greater than e in this design:

Wirve
Ay =—20 > =, (19)
DRV (i-1)

As a design choice, Ax for sub-threshold wake-mode driver is
set to 5 to achieve acceptable rise and fall time. Ax for static-
mode drivers in Fig. 5 is set to 10 to reduce power consumption.
Mg's static driver has 4 stages, and Mg's static driver has 2 stages.

G. Wake Circuit Disabling Switch

Switch Mogr's purpose is to connect R.O. and wake-mode driver
to viv in wake mode and disconnects them from viv in static
mode. To make a solid connection in wake mode, vgo in Fig. 2
must be close to vin. This means Morr's wake-mode resistance
Rwmorrew) should be much less than the parallel combination of
R.O.'s equivalent resistance Rro and wake-mode driver's
equivalent resistance Rpry. In wake mode, LDyr sets Mopr's gate
voltage to ground, and Ryiorrw) should be much less than:
L
MOFF(W) :pMOFF(W)(WMlN )<<RR0 HRDRV ’ (20)

MOFF

where pmorrw) 1S Morr's channel sheet resistance in wake
mode when its vsg equals vin, and Wworr is Mopr's channel
width. Thus, Wwmorr should be much larger than:

pMOFF(W)LMIN ) 1)
RRO || RDRV

Rro is approximately the parallel combination of Ny inverter
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WMOFF >>



stages, therefore Rgo is approximately:
R. ~ R . (22)

RO ~

NV
Rpry is approximately the parallel combination of inverters
whose widths are scaled by Ax, therefore Rpry is roughly:
~ Ry , (23)
1+A, +A 2+t A Mo

where Npry denotes the number of stages in the wake driver.

Similarly, to disconnect the R.O. and wake-mode driver
from viv in static mode, vro must be very close to ground.
This means Morr's static-mode resistance Rmorr(s) needs to be
much higher than (Rro|Rprv). In static mode, LDur sets
Morr's gate voltage to vp, which is no less than Vgr.
Therefore, Rumorr(s) should be much higher than:

L
RMOFF(S) = Pmorrs) Wﬂ) >>RRO ”RDRV ’ (24)
MOFF
where pmorrs) 1S Morr's channel sheet resistance in static
mode when its vsg equals (viv —Vur). This means Wwmorr
should be much smaller than:
pMOFF(S)LMIN 25
YO SR o R gy )

In this design, Wwmorr's calculated limits are 9.2 pm <<
Waorr << 3.2x10* m. Wnorr's upper limit is extremely large
since in static mode Morr has negative vsg and thus extremely
high pmorres) [22]. Unfortunately, a large Wworr significantly
rises silicon area and thus increases cost. Thus, the tradeoff
here is to design a large-enough Morr without drastically
increasing silicon area. Since the largest MOSFET in this
design is Mg, which is 24-mm wide as Section II.D. justifies,
Morr is chosen to be 10x smaller than Mg to prevent
significantly increasing total silicon area. Thus, to keep vro very
close to viv in wake mode while not significantly increasing
silicon area, Wyiorr is set to 2 mm as a design choice.

H. Static-Mode Peak Inductor Current

Static control sets tg and ir k) so individual energy packets are
the most efficient [10]. This translates to setting irpk) so each
energy transfer induces the lowest fractional loss. For a SL
boost, power losses mainly consist of ohmic loss Pr caused by
Rr and power switches, and charge loss Pc caused by driving
these power switches and charging Csw. ips-vps overlap loss is
negligible because irpx) is at pA-level and the ips-vps
overlapping time can be as short as 14 ns.

R DRV

Since in static mode power switches can be fully turned on,
their channel resistances are negligible compared to the 76-Q
ESR Ry. Thus, MOSFET ohmic loss is negligible compared to
ESR loss Prr, and the fractional ohmic loss og is:

PR PR.L

it i) j R, tefow :
Oy =5 ~R— = - =k.i oo, (26)
© Py Vidiavo [ V3 ) iy (O-Slupx)tcfsw) L
where tc is the inductor's conduction time as labeled in Fig. 4,
fsw is the converter's switching frequency, and kg is the i pk)-
independent coefficient that lumps all factors other than i pk):
2R
k,=—%, 27
R 3wy 27
From (26), or is proportional to i k). For the same Lx,
increasing ippxk) requires proportionally longer tc. Thus, tc is
proportional to ir(pk). Because charge loss Pc doesn’t scale with
iLpk), fractional charge loss oc is inversely proportional to

iLpk)%, as shown below.

_&N PMG(C)+PCSW _ (CMG(G)+0'5CSW)VB2fSW _ kg
- PrN " VINiL(AVG) - ViN (O'SiL(PK)thSW) -

where Pumg) 18 Mg's gate-drive loss, Cmg) i1s Mg's gate
capacitance, and k¢ is a i pk)-independent coefficient that lumps

all factors other than ippk). For viy that's much less than vg
(which is typical for TEG harvesters), kc is approximately:

. 2(CMG(G) +0.51(_::(W)VB (Ve— Vi) N Z(CMc(c) i.SCsw)VBz o)

Because when ip k) rises, or rises linearly and oc drops
quadratically, an optimal i k) (denoted as i pk)') exists so the
total fractional loss is minimized. i k)’ is:

1
. 2k}
ILek) :[k_Lj ’ (30)
R

In this design, i k) is about 205 pA when vs is 40 mV.

7. (28)
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III. EXPERIMENTAL VALIDATION

A. Prototype

A 1.6-um CMOS wake-capable single-inductor SL boost
charger prototype experimentally validates the theory and the
lowest-possible vgs both in wake and static mode. The prototype
is tested with off-chip LPS6225 inductors that measure 1-10
mH with 6-76 Q ESR. Inductor volume is 6.0 x 6.0 x 2.4 mm?,
which is suitable for millimeter-scale IoT applications.
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Fig. 8. 1.6-um CMOS die and printed circuit board (PCB) test setup.

The 1.6-um CMOS die in Fig. 8 occupies an active area of
640 x 635 um?. For testing purposes, a 1-uF on-board capacitor
Cg serves as the battery vg in Fig. 1. A 1-uF capacitor Cy is
placed at vy to suppress vin's ripple. No capacitor is placed at vs.
For testing purposes only, to measure the minimum vs, an on-
board voltage source emulates vs and an on-board series resistor
sets Rs. Rg is chosen to be 350 Q, which is typical for millimeter-
scale (4.2 x 3.3 mm?) TEGs [8]. The validity of emulating TEG
with a voltage source and a series resistance is justified below.

A TEG is a transducer that outputs electrical voltage across
its terminals whenever a temperature difference AT is present
across it. The physical effect that converts thermal energy into
electricity is called Seebeck effect [17, 28-29]. When the
current drawn from the TEG increases, its terminal voltage vin
(labelled in Fig. 1) reduces approximately linearly with the
drawn current [17, 30]. Therefore, a source resistance Rs
shown in Fig. 1 is used to model this linear reduction in vi.
When no current is drawn from the TEG, the TEG is open-
circuited, and viy equals TEG's open-circuit source voltage vs
shown in Fig. 1. According to Seebeck effect, vs is
proportional to AT. Therefore, majority of the literatures
model TEG as a voltage source vs in series with a series



resistance Rs [5, 12, 17, 20, 29, 31], like the grey block
labelled "TEG Model" in Fig. 1.

Because the coupling between thermal energy domain and
electricity domain could be as low as 2%, even when the
maximum electrical power is drawn from the TEG, AT hardly
reduces [30]. As a result, vs hardly reduces even if maximum
electrical power is drawn from it. Therefore, AT & the vs
generated by the TEG hardly reacts to the energy-harvesting
circuit [30, 32]. Due to this reason, many literatures emulate
the TEG using a voltage source and a series resistance to
validate their energy harvester prototype [5, 6, 9, 12, 31].

The purpose of this paper is to theorize and experimentally
verify the fundamental limitations of a SL boost charger, but is
not system integration. Therefore, an off-chip field programmable
gate array (FPGA) functions as the LDur, CPwmpp, CPzcp, SR
latch, and delay block tg in Fig. 5. The control in Fig. 5-7 can be
integrated on-chip using CMOS in similar fashion as in [5, 10,
15] and can consume 132 nW in total. Detailed power breakdown
and discussion on the impact of controller power consumption is
provided in Section IV.

B. Functionality

Measured vs, vin, and R.O. waveform vosc are shown in Fig. 9.
Oscillations start when vs rises above vw). The measured v
is about 49 mV. vs supplies the R.O. and as vs rises, oscillation
frequency fosc rises. So, the R.O. starts drawing more current
from vs. Thus, as vs rises, viv drops from vs. An inset plot
shows the oscillation waveform in detail when vs is 165 mV.
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Fig. 9. Measured vs, viy and ring oscillator's oscillation waveform vosc.

Measured fosc across vs is shown in Fig. 10. At first, the
R.O. is in sub-threshold. Thus, inverter's channel resistance
Riny drops exponentially as vs rises, and therefore fosc rises
exponentially. When vs is above MOS threshold voltage, Rinv
is inversely proportional to vs. Thus, fosc rises linearly.
Oscillation period tosc is no shorter than 39 ps. This is long
enough to maximally energize Lx as discussed in Section 11.B.
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Fig. 10. Measured oscillation frequency fosc across vs.
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Measured i, in wake mode is shown in Fig. 11. When vs is
285 mV, tosc of the R.O. is 58 us and energizing time tg is 30
us. Because P/NMOS in the R.O. are balanced, tg is about
50% tosc. te is long enough to let ip max out, and measured
wake iy resembles a square wave. The maximum irpk) is 90
pA. Because ip must charge Csw to (v + vp) before the SL
can output energy to vg, at the instance when Ly is drained,
Csw 1is still pre-charged to (vs + vp) and therefore possesses

left-over energy. Since at this moment vgsw is higher than vin,
Csw's left-over energy drains into Lx so ip is negative (flows
from vsw to vin) and vsw discharges. When vsw drops lower
than vy, ip starts to rise. At half resonance-period tic, ir
becomes positive (flows from viy to vsw) and therefore starts
to charge Csw again. This resonance creates ringing in i
waveform [21] and diminishes when ohmic losses (i.e., Ry)
burns all left-over energy. tic is approximately:

t,. ~2m /L Cqy - (31
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Fig. 11. Measured inductor current profile during wake mode.

Measured static mode ir. is shown in Fig. 12. In static mode,
SL boost operates in DCM. Lx's 76-Q ESR current-limits i,
this is why ir. is curly. In static mode, static control implemented
in the off-chip FPGA sets tg and consequently sets irpx). It also

turns the synchronous switch Mg off when ir, reaches 0.
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Fig. 12. Measured inductor current profile during static mode.

Measured vg charging profile across both wake and static
mode is captured in Fig. 13. Due to the lack of high gate-drive
voltage in wake mode, Mg is in sub-threshold and the SL boost
charges vg slowly. When vg reaches the headroom voltage Vg,
this high vg starts supplying gate drivers so the SL boost enters
static mode and vg rises quickly. Equivalent charging current
icng is an equivalent constant current that charges the same
battery capacitor Cg across the same voltage over the same
time, as defined in [20]. Since wake time tw changes with Cg
and Vg, this icyg normalizes tw with Cg and Vgr. Fig. 13
shows that the wake-mode SL charges a 1-uF Cg to 0.87 V
from 324 ms to 3.55 s. This translates to a 270-nA icug from
324 ms to 3.55 s. Similarly, wake-mode icug from 3.55 s to 9.03
s is 18 nA and static-mode icng is 2.3 pA. Wake-mode icug is
much less than static-mode icuc because sub-threshold Mg is
very resistive. In static mode, all power switches can be fully
turned on and the 2.3-pA icug charges Cg fast and efficiently.
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Fig. 13. Measured charge profile across wake-static transition.

The fundamental requirement to wake the system is when
Py is higher than total power loss Pross, therefore the remaining



power can reach and charge vg. The minimum vs such that Piy
> Pross is vw). Controller shown in Fig. 6 and Fig. 7
automatically shifts the SL boost to wake mode once vg < Vg,
and thus ensures correct wake up of the system.

Directly charging a real battery would result in excessively
long tw. However, the purpose of this paper is to theorize and
experimentally validate the fundamental voltage limits of a SL
boost charger, but not to reduce tw. In practice, avoiding
charging a real battery directly and charge a small capacitor as a
temporary supply instead can significantly reduce tw [5].

C. Performance

SL boost cannot charge vg to an infinite voltage. The highest
voltage vg can reach is called vgmax). Fig. 14 shows measured
VBMax) across vs in wake mode. When vs is below 225 mV,
vBMax) 1S approximately vs because Dg's leakage current charges
vp to vs over time. However, the wake-mode SL cannot boost vg
above vs. When vs is above 225 mV, the wake-mode SL starts to
boost vg above vs. This means SL boost can output net power to
charge the battery. Therefore, wake output threshold vwo) is 225
mV. When vs is beyond 285 mV, the SL boost can charge v
beyond headroom voltage Vir. This vs is called the wake
headroom threshold vwr) in this paper. With such vs, SL boost
can enter static mode and transfer energy efficiently.
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Fig. 15. Measured wake-mode icpg across vs.

Measured wake-mode icug across vs is shown in Fig. 15. In
wake-mode, icpg is the equivalent current that the boost outputs
to charge Cp above vs. When vs is below 225 mV, the boost is
off and never charges vg above vs, so icug is 0. When vs is above
225 mV, SL boost starts to deliver net power to Cg and charge
vp above Vs, so icug rises above 0. vs avails more power as it
rises, so the SL boost outputs more power to vg and icug rises.
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Fig. 16. Measured static-mode Vgamax) across vs.

Measured vgmax) across vs in static mode is shown in Fig.
16. When vs is below 40 mV, the available power is deficient,
and the boost cannot charge v to its target voltage vs(rar). This
design sets vprar) to 1.8 V because it is suitable for most IoT
systems [13]-[14]. When vs rises above 40 mV, SL boost can
output sufficient power to fully charge vg to the target voltage.
So, the measured static output threshold vg(o) is 40 mV.
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Fig. 17. Measured static-mode icyg across vs.

Measured static-mode icug across vs is shown in Fig. 17. In
static mode, icug is the equivalent current that the boost outputs
to charge Cg to vprar). When vs is below 40 mV, the SL boost
never charges vg to 1.8 V, so icuc is 0. When vs is above 40
mV, the SL boost can fully charge vg, and consequently, icug
rises above 0. Likewise, as vs rises and avails more power, the
SL boost outputs more power to vg. Thus, icyg rises with vs.
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Fig. 18. Measured wake-mode fractional loss across vg.

Measured fractional loss (labeled as o) of the SL boost
across vg in wake mode is shown in Fig. 18. In wake mode, Mg
is in sub-threshold and Rmg measures 1.1 kQ. Mg's fractional
loss owg is therefore 69—81% in wake mode, which means Mg's
loss overwhelms all other losses. This is why designers must
optimally size Mg to minimize vw). Output diode Dp has
minimum width, so its fractional leakage loss ok is less than
0.1% and is negligible.
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Fig. 19. Measured static-mode fractional loss across vg.

Measured fractional loss of the SL boost across vg in static
mode is shown in Fig. 19. In static mode, tiny Lx is the most
lossy component due to its high ESR Ry. Ry's fractional loss orr
is 36-42% and overwhelms all other losses. This is why
designers must carefully manage i k) to balance Ri's ohmic
loss according to Section II.H. Output switch Mg's fractional
loss oms is less than 0.4%. Because Mg has optimal width, its
loss is proved negligible according to Section IL.E.
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Measured efficiency nc across vs and vg is shown in Fig. 20,
and Table 1. details measured power loss, energy loss per cycle,
& fractional loss. In wake mode, sub-threshold Mg is the most
lossy and mc is less than 12%. In static mode, Mg also
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contributes about 7.7% fractional loss. This is mainly because
W is large, so Mg consumes high charge loss Pmg(c). This is
also why i k) should be carefully designed so it balances
Pmcc) with Pr as Section IILH. describes. Maximum static
mode efficiency nsmax) can reach 72%. This justifies that the
target of wake-mode design is not high efficiency, but to
minimize vwo) so the SL charger can transit out of wake mode
with the lowest-possible vs.

TABLE I: LOSS BREAKDOWN AND EFFICIENCY

Wake: vs =300 mV,ve=0.5V | Static: vs=60 mV,vg=1.8V

PLoss EvLoss o Pross EvLoss [
Ru | 1.4uW | 88 pJ/Cycle | 6.0% | 830 nW | 414 pJ/Cycle | 40%
Mg | 17uW | 1.1 nJ/Cycle | 73% | 160nW | 80 pJ/Cycle | 7.7%
Csw | 240nW | 15pJ/Cycle | 1.0% | 130nW | 67 pJ/Cycle | 6.4%

Dg | 24 uW | 150 pJ/Cycle | 10% — — —
M;z - — - 4 aW 2 pJ/Cycle | 0.2%

Osc. | 770 nW | 48 pJ/Cycle | 3.3% - — —
nc 7% Total ¢ 93% 46% Total ¢ 54%

D. Design

This subsection experimentally validates the closed-form
design expressions from Section II.LB to Section ILH.
Extensive measurements across R.0.'s Wy and Wp, Lx, Wy,
and i k) validates the design theory and proves that this
design achieves the lowest-possible vs for SL converters. It is
worth highlighting that, it is for testing purposes only that an
externally-reconfigurable CMOS chip is prototyped to
experimentally validate the proposed theory across all design
variables (i.e., Wp, Wxn, Wwg, Lx, irek), fsw). Measurement
data shown in Figs. 21 & 22 are gathered by first externally
reconfiguring & setting these above-mentioned design
variables and then making measurements. The purpose of Fig.
21 & 22 is to show that the theory is valid, since the
fundamental contribution of this paper is proposing and
experimentally verifying the theory, and it is the theory that
predicts the optimal design. With the help of the proposed
theory, designers can first calculate the optimal design
variables, and then make a specific (fixed) design at these
optimal values provided by the theory. The design insight and
guidance proposed, theorized, and validated here is the main
purpose and contribution of this paper.
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Fig. 21. Measured wake functional threshold v, across Wy & Wp.

Ring Oscillator: Fig. 21 shows measured vwe) across
R.O.'s PMOS width Wp and NMOS width Wn. When PMOS
and NMOS strengths are balanced, each inverter in the
oscillator requires the lowest vs to trip. Thus, the R.O. requires
the lowest vw) to start oscillating [3]. vw) only depends on
the ratio of Wp and Wy, but does not depend on their actual
values. Thus, keeping Wp/Wy optimized and minimize actual

transistor sizes can reduce power consumption and keep vw(r)
the same. In this process, NMOS threshold voltage (about 320
mV) is about 50 mV higher than PMOS threshold voltage
(about 275 mV). Since NMOS is weaker, the optimal NMOS
size is approximately twice the optimal PMOS size.

Energy-Transfer Inductor Lx: Fig. 22 shows measured
vwr) across Lx and Mg's width Wyig. Vir can be as low as 1
V, which is enough to supply low-voltage CMOS controllers
[12]. A higher Lx holds more energy to charge switch-node
capacitance Csw. This is why vwamr) drops from 360 mV to 285
mV as Lx increases. The highest inductance available in the
LPS6225 series is 10 mH. Relieving volume constraints and
choosing a higher Lx can further reduce vwir).
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Fig. 22. Measured wake headroom threshold vwur, across Wyg & Lx.

Ground Switch Mg: Sizing Wwg is critical for minimizing
wake thresholds, as Fig. 22 shows. Rising Wy increases imax)
so Lx holds more energy. But as discussed in Section II.D, Wug
cannot be prohibitively wide because then it requires too much
iprv and causes an extensive vrs voltage drop. With the best 10-
mH Lx for a given volume, the measured optimal Wy is 24 mm.
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Fig. 23. Measured static output threshold v, across iy px) & fsw.

To0 180

Static i k) _and fsw: Fig. 23 shows measured vso) across
ireky and fsw. The delay block tg shown in Fig. 5 sets the
pulse-width of vgr', which, sets the energizing time of Lx and
consequently sets i pk). te & fsw can be externally changed in
order to measure across different irpx)y & fsw. Similarly,
measurement data shown in Fig. 23 are gathered by externally
reconfiguring & setting tg & fsw first and then making
measurements. The purpose of Fig. 23 is to experimentally
show that the proposed theory is valid, since the major
contribution of this paper is proposing and experimentally
verifying the theory. With the help of the theory, designers can
calculate i (px) first, infer the optimal tg & fsw next, and then
make a specific design at the optimal operating point.

Measured vs(o) is 40 mV, and the corresponding measured
optimal ir k) is about 215 pA, which closely agrees with the
derived result. Likewise, relieving volume constraints and
choosing a Lx with less Ry, can further reduce vs().



Effect of PVT variations: CMOS process variation affects
MOS threshold voltages vry and transconductance parameter
Kne = pneCox. Variations in vrg and Kyp creates an
imbalance in the strength of P/NMOS in the R.O. as indicated
by equation (2), and consequently increases vw). vru and
Knyp variations also affects Rvg, which also affects ohmic loss
and may increase or decrease vwo) and vwar). Table I1. shows
simulated vw), Vw(0), Vwr), and vs) across process corners.

TABLE II: SIMULATED Vi), Vw(0), Vwiiry, AND Vs0) ACROSS CORNERS

Process Corner TT SS SF FS FF
VWE) 43 mV 64mV | 147mV | 170mV | 91 mV
VW(0) 203 mV | 274 mV | 261 mV | 192 mV | 173 mV
VW(HR) 270 mV 336 mV 325 mV 247 mV 232 mV
Vs(0) 36 mV 37 mV 37 mV 36 mV 34 mV

vw) 1s much lower than vwo) and vwmr) across corners.
This means when vg reaches vwo) or vwamr), the R.O. is
already oscillating in wake mode. Thus, PVT effects on R.O.
and vw(r) will not propagate to worsen vwo) and vwir), which
ultimately determine the lowest vs for successful wake up.
Simulated vwo) and vwar) varies across 173-274 mV and
232-336 mV across corners, respectively.

In static mode, PVT variation mostly affects Rug. Since
Wwe is wide and Ryg's effect is negligible compared to Ry as
Section II.H. indicates, so vs(o) varies less across corners.

IV. THE STATE-OF-THE-ART AND DISCUSSION

State-of-the-Art: Compact designs prefer a smaller number of
off-chip components Noc, and a smaller number of switches
Nsw. This is because less Noc & Nsw means smaller board and
chip area. A tinier energy source often presents a higher Rg and
avails less power. Because sources with higher Rg avail less
power, a SL boost that has lower wake thresholds with low Rs
may have higher wake thresholds with high Rs. Thus, Rs must
be considered for a fair comparison. Vwe), Vw), VWR), VS(0),
and vprar) are also crucial since they define charger
performance. Since all wake and static thresholds refer to the
open-circuit source voltage vs in this paper, this section
compares prior arts that report vs. Technology nodes and special
requirements are also compared. Table III summarizes this
comparison.
TABLE III: COMPARISON WITH THE STATE-OF-THE-ART

This
/I T I I 1 I /I N TR N O
Wake Charger SL SL SC SC — - SL
Static Charger | SL SL SL SL | SL | SL | SL
Offchip | 2L N
Components | MEMS 1L 1 Diode 4L | IL | 1L | 1L
Noc Sw.
1C
Special Low-vr .
RequI;rements MEMS | \Mmos | Native NMOS | — B B
Tech. [pm] 0.35 0.18 0.13  ]0.065[0.13 [ 0.18 | 1.6
Nsw 4 2 3 26 2 2 2
Rs [Q] 5 180 5 6.2 | 39 | 210 | 350
VBrar) [V] 1.8 0.9 1.2 1.2 |10 | 19 | 1.8
] Resuire 55—
VW(0) . — _
v ImVIE S | MM 7350 [ 20 [ 50 | | | 285
Vs0) 25 170 40 50 | 740 [ 30 | 40

“Projected based on reported time-domain waveform.
** Article only reports vinevin), projected assuming MPP operation: vso) = 2 X VINMIN).

Designs in [5] and [17] use only SL chargers. However,

[17] uses a MEMS switch in wake mode. Therefore, it not
only requires motion to wake the SL charger system, but also
demands special MEMS devices and occupies larger system
volume. [5] uses single off-chip inductor and no mechanical
switches in wake mode and targets higher Rs. Design in [5] is
very compact, but vwo) and vwaur) are 350 mV, which is
higher than the lowest-possible for SL chargers. With the
proposed design theory, this proposed single-inductor SL
charger reduces vw(o) and vwr) to the lowest-possible for SL
converters, which are 225-285 mV, even with a higher Rs.

Designs in [6]-[7] uses SCs in wake mode. [6] uses a 1:60
off-chip transformer in wake mode to amplify the ac
oscillation generated from v and uses a SC charge pump to
rectify amplified oscillation. However, the 1:60 transformer is
off-chip, bulky, and occupies excessive volume.

To eliminate the bulky transformer, design in [7] uses a
13-stage SC in wake mode, and vw), Vw), and Vwamr) are as
low as 50 mV. The fundamental reason why SLs have to wake
with higher vs than SCs is: in wake mode, power switches
lack gate-drive voltages and operate in sub-threshold region.
Thus, highly resistive switches limit ip and vs can hardly
energize inductor Lx as Section II.C justifies. However, for
SCs, vs can approximately fully pre-charge flying capacitors
despite switches are resistive, provided that switching period
is long enough and the SC operates in slow-switching region.

vs©) is 3040 mV in [18]-[19]. Although the design in
[19] achieves lower vs(o), they are not wake-capable and thus
designers do not have to select the highest inductance
regardless of its ESR. Thus, designs in [18]-[19] use low ESR
inductors at the cost of losing self-waking capability.

Despite [7] shows that SCs can wake with lower vs,
theorizing and experimentally validating the lowest-possible vs
for a SL boost proves the fundamental limits of SL converters in
wake mode: sub-threshold resistive switches limits inductor
current and prevents Lx from getting energized. Moreover,
since this paper also experimentally validates that the lowest-
possible vs for SL to operate in static mode (about 40 mV) is
lower than that of SC's, therefore, this paper also proves that the
best system is a SC-SL hybrid that uses SC in wake mode and
uses SL in static mode with experimental validations.

Comparator Offset Voltages: Comparators in this system
(CPwmpp & CPyzcep in Fig. 5) are only active during static mode,
they can be completely shut off in wake mode by power-
gating and only the cut-off currents of their MOSFETSs load
the system in wake mode [22]. Therefore, CPmpp & CPzcp's
inaccuracies only affect vs(), and only their cut-off currents
(could be in nano-Amperes [22-23]) affect wake mode vw(o).
When the system is in wake mode, since the total loss is in
pW-level as Table I shows, CPmpr & CPzcp's leakage power is
negligibly small compared to the total loss and thus has little
impact on vwoy.

For an ideal CPzcp, its output trips when zero-volt crosses
CPzcp's input differential pair. For a practical design, CPzcp's
offset voszcpy and propagation delay tpizepy affects the
accuracy of Zero-Current Detection and consequently adds
loss. For analog comparators like CPzcp, vos@zen) incorporates
both random and systemic components [25]. Random offsets
usually stem from mismatch imperfections of MOSFETS in



the comparator, especially the input differential pair. Systemic
offsets usually stem from drain-source voltage vps mismatches
and channel-length modulation error [25-26]. tpzcp) usually
stems from parasitic capacitances that delays signal.

However, for CPzcp in Fig. 5, intentionally adding a
negative offset vosant) to the vsw terminal is preferable. This
is usually done by sizing the input stage MOSFET on the vsw
side slightly smaller than the MOSFET on the other side as
[10] proves. This intentional negative offset is to aid CPzcp
such that it trips exactly when Mg's voltage vmp = vsw — VB
crosses zero. Without this intentional offset, CPzcp can only
trip and turn off Mg after sufficient differential overdrive
voltage occurs at its input, which means vsw needs to drop
sufficiently lower than vg. This causes inductor current i to
flow in the reverse direction, and thus creates loss. With the
intentional negative offset to assist the vsw terminal, CPzcp
would not require vsw to drop below vg to switch state due to
the presence and help of the negative offset, and thus can turn
off M exactly when vup crosses zero.
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Fig. 24. Simulated transient waveforms related to zero-current detection.

This is why analog ZCD comparators are still widely used
for low-voltage low-power energy harvesting applications as
[5, 10, 15, 27] show. With such intentional offset, CPzcp can
trip with 2 mV overdrive voltage (when vsw is 2 mV less than
vg) and 30 ns tpzcpy as [10] shows. Fig. 24 shows the
simulated Mg current ims, Mg's gate control vor (labelled in
Fig. 5), and the voltage across Mg (labelled as vug) during a
ZCD event. With vs = vs0) = 40 mV, the ideal-case tp is about
870 ns as Fig. 24 shows. CPzcp's inaccuracies, which manifest
themselves as a 170-ns error in tp, adds a 19.5% error to the
ideal-case tp. As Fig. 24 shows, the simulated 3.0-pJ reverse-
current loss caused by this 19.5% error is only 1.46% of the
206-pJ delivered energy. With this 19.5% error in tp, the
simulated vswo) is 37.1 mV, which is only 0.8 mV or 2.2%
higher than without this error (which is 36.3 mV).

CPwmpr's offset vosnpry makes vinv deviate from vipp.
Fortunately, input power Py (from the TEG to the SL boost)
is less sensitive to viv near the MPP (for example, 10% error
in viv causes 1% reduction in Pn) [5]. Therefore, there is
enough margin for error. CPypp designed and fabricated in
[10] carries 3-mV VOS(MPP). With Vs = Vg0) = 40 mV, VMPP is
20 mV and the 3-mV vogep) only reduces Py from the ideal
Pmre by 2.3 %. With both CPypp & CPzcp's errors altogether,
the simulated vs(o) is 38.4 mV, which is only 2.1 mV or 5.8%
higher than without both CPmpp & CPzcp's errors (which is
36.3 mV).

Controller Power Consumption: LDyr, CPwmpp, and CPzcp
account for the major power consumption Pcenrr of the control
block shown in Fig. 5. CPmpp & CPzcp are active only during
static mode. During wake mode, they will be cut-off by
power-gating techniques [23]. Therefore, CPypr & CPzcp
consumes active power during static mode, and affects vs(o).
LDur however, monitors vg all the time and determines
whether the system operates in wake or static mode. Thus, it is
an always-on block and affects both vwo) and vs(o).

LDur, CPmpp, and CPzcp can all be designed in similar
fashion as [5] & [10] show. When active in static mode, CPypp
and CPzcp can consume 8.3 pJ & 8.4 pJ per switching cycle,
respectively (according to [10]). When vs = vs0) = 40 mV, the
optimal switching frequency fsw' is about 1.3 kHz as Fig. 23
shows. Thus, CPympp & CPzcp can consume 10.8 nW & 10.9
nW in static mode, respectively. The always-on level detector
LDur can consume 110 nW as in [5, 28]. Therefore, the total
power consumed by the controller can be 132 nW. Table IV
details the power consumption Pcntr of each block in the
state-of-the-art.

TABLE IV: POWER CONSUMPTION OF STATE-OF-THE-ART CONTROL BLOCKS

Block Power Mode Ref.
CPwrr 10.8 nW Static mode only [10]
CPzcp 10.9 nW Static mode only [10]
LDur 110 nW Wake & static mode [5, 28]

In static mode, with 350-Q Rs and vs = vs) = 40 mV, the
maximum available power Pyipp from TEG is 1.14 uW, which
is 8.7x higher than the controller power consumption. Because
Pmpr is much larger than controller power consumption, this
Pmpe provides good margin to support the controller. With all
LDur, CPwmpp, & CPzcp's power consumption altogether
loading the system in simulation, the simulated vs) is 41.2
mV, which is only 4.9 mV or 13% higher than the ideal-case
simulation (which is 36.3 mV).

In wake mode, only LDur consumes 110 nW [5], so this is
less than 1.1% of the total wake mode power loss, which
could be on the level of 10-20 uW as Table I shows. With this
additional 110-nW LDur power consumption loading the
system in simulation, the simulated vw() is 205 mV, which is
only 2 mV or 1% higher than the ideal-case simulation (which
is 203 mV). The simulated vwr) is 274 mV, which is only 4
mV or 1.5% higher than the ideal-case simulation (which is
270 mV). In sum, controller power consumption affects wake
mode & static mode performance by 1.5% & 13%,
respectively. Table V compares simulated performance with
and without controller power consumption Penrr.

TABLE V: SIMULATED PERFORMANCE DEGRADATION

Metric | w/o Pcntr | W/ Pentr | Absolute / Percentage Degradation
Vw(0) 203 mV 205 mV 2mV /1%

VW(HR) 270 mV 274 mV 4mV/1.5%
Vs0) 36.3 mV 41.2 mV 49mV/13%

Advanced Process Technologies: The 1.6-um prototype
shown in this paper is for testing purposes only. For more
advanced processes (i.e, 350-nm and 180-nm processes), the
losses involved are still channel ohmic loss Pug, gate charge
loss Pmc and leakage loss Pik. For advanced process
technologies and possible short-channel effects (i.e, threshold




voltage roll-off, velocity saturation, & drain-induced barrier
lowering [23, 33]), what they affect are process parameters
such as threshold voltage, mobility, channel resistivity, etc.
However, Pumr, Pvmc, & Pk, they all change in the same
fashion across design variables, especially transistor widths
(i.e., Pmr reduces with increasing channel width, while Pyc &
Pix increases with increasing channel width). Thus, the
fundamental trade-offs of these losses against all design
variables do not change. This means despite the final
numerical result may change across process technologies, the
proposed fundamental design concept, which is the focus of
this paper, does not change across process technologies.

V. CONCLUSIONS

This paper theorizes and experimentally validates the lowest vg
possible for a single-inductor switched-inductor (SL) boost
charger, both in wake and static mode. This paper derives
closed-form design expressions for the inductor, low-voltage
ring oscillator, power switches, and peak inductor current, so a
single-inductor SL charger can operate with the lowest vg
possible. This paper validates the design theory with a 1.6-um
CMOS prototype. When source resistance is 350 €, this
prototype validates that the lowest-possible vs for SLs in wake
mode is 225-285 mV. In static mode, the lowest-possible vs for
SLs is 40 mV. Practical design issues such as comparator offset
voltage, controller power consumption, and impacts of more
advanced process technologies are also discussed in detail.
Despite recent literature shows that switched-capacitors (SCs)
can wake with lower vs, theorizing and experimentally
validating the lowest vs possible for SL boost chargers can
prove the fundamental limits of SL converters in wake mode.
Moreover, since this paper also validates that SL operates with
lower vs than SC in static mode, therefore, SC-SL hybrids are
the best system.

ACKNOWLEDGMENT

The authors thank Drs. A. Blanco, O. Lazaro, N. Xing, J.
Morroni, and Texas Instruments for their sponsorship.

REFERENCES

[11 A. Al-Fuqaha, et al, "Internet of things: a survey on enabling
technologies, protocols, and applications," in JEEE Commun. Surveys
Tuts., vol. 17, no. 4, pp. 2347-2376, 2015.

[2] S.S. Amin and P. P. Mercier, "MISIMO: A Multi-Input Single-Inductor
Multi-Output Energy Harvesting Platform in 28-nm FDSOI for Powering
Net-Zero-Energy Systems," in IEEE J. Solid-State Circuits, vol. 53, no.
12, pp. 3407-3419, Dec. 2018.

[3] T. Chang and G. A. Rincén-Mora, "Lowest viy possible for switched-
inductor boost converters," [EEE Int. Midwest Symp. on Circuits and
Syst., Dallas, TX, USA, 2019, pp. 798-801, 2019.

[4] D. Kwon and G. A. Rincon-Mora, "Single-inductor—multiple-output
switching dc—dc converters," in IEEE Trans. Circuits Syst., II, Exp.
Briefs, vol. 56, no. 8, pp. 614-618, 2009.

[51 A. A.Blanco and G. A. Rincén-Mora, "Compact fast-waking light/heat-
harvesting 0.18-um CMOS switched-inductor charger," in /IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 65, no. 6, pp. 2024-2034, 2018.

[6] J.Im, et al., "A 40 mV transformer-reuse self-startup boost converter
with MPPT control for thermoelectric energy harvesting," in IEEE J.
Solid-State Circuits, vol. 47, no. 12, pp. 3055-3067, 2012.

[71 P. Weng, et al., "50 mV-input batteryless boost converter for thermal
energy harvesting," in IEEE J. Solid-State Circuits, vol. 48, no. 4, pp.
1031-1041, 2013.

(8]
9]

[10]
(1]

[12]

[13]

[14]

[15]

[16]
[17]

(18]

[19]

[20]

[21]
[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

TGP-751 ThermoGenerator-Package (TGP), Micropelt Corporation.

A. A. Blanco and G. A. Rincon-Mora, "Energy-harvesting microsensors:
Low-energy task schedule & fast drought-recovery design," IEEE Int.
Midwest Symp. on Circuits and Syst., Abu Dhabi, 2016, pp. 1-4, 2016.
R. D. Prabha, "Light-harvesting photovoltaic charger-supply microsystems,"
Ph.D. dissertation, Georgia Institute of Technology, Atlanta, May 2018.

Y. Lee, "A review of recent research on mm-scale sensor systems," Int.
SoC Des. Conf., Gyeongju, Korea (South), 2015, pp. 87-88.

J. Katic, et al., "An efficient boost converter control for thermoelectric
energy harvesting," IEEE Int. Conf. on Electron., Circuits, and Syst., Abu
Dhabi, pp. 385-388, 2013.

J. Wang, et al., "A 40-nm ultra-low leakage voltage-stacked SRAM for
intelligent IoT sensors," in /EEE Solid-State Circuits Lett., vol. 4, pp. 14-
17,2021.

A. Kosari, et al., "A MURS band digital quadrature transmitter with
Class-B I/Q cell sharing for long range IoT applications," in /EEE Trans.
Circuits Syst., Il, Exp. Briefs, vol. 65, no. 6, pp. 729-733, June 2018.

R. Damodaran Prabha and G. A. Rincén-Mora, "Light-harvesting
CMOS power-supply system for 0—10-mW wireless microsensors," in
IEEE Sensors J., vol. 19, no. 2, pp. 726-734, Jan. 2019.

J. Rabaey, "Digital Integrated Circuits," Prentice Hall, New Jersey, 1996.
Y. K. Ramadass and A. P. Chandrakasan, "A battery-less thermoelectric
energy harvesting interface circuit with 35 mV startup voltage," in I[EEE
J. Solid-State Circuits, vol. 46, no. 1, pp. 333-341, 2011.

E.J. Carlson, ef al., "A 20 mV input boost converter with efficient digital
control for thermoelectric energy harvesting," in IEEE J. Solid-State
Circuits, vol. 45, no. 4, pp. 741-750, 2010.

J. Katic, et al., "A dual-output thermoelectric energy harvesting interface
with 86.6% peak efficiency at 30 pW and total control power of 160
nW," in [EEE J. Solid-State Circuits, vol. 51, no. 8, pp. 1928-1937, 2016.
A. A. Blanco and G. A. Rincén-Mora, "Bootstrapping and resetting
CMOS starter for thermoelectric and photovoltaic chargers," in [EEE
Trans. Circuits Syst., II, Exp. Briefs, vol. 65, no. 2, pp. 156-160, 2018.

R. Erickson, et al., "Fundamentals of Power Electronics," Springer, 2020.
H. Kawaguchi, et al., "A super cut-off CMOS (SCCMOS) scheme for
0.5-V supply voltage with picoampere stand-by current," in /EEE J.
Solid-State Circuits, vol. 35, no. 10, pp. 1498-1501, Oct. 2000.

K. Roy, S. Mukhopadhyay and H. Mahmoodi-Meimand, "Leakage
current mechanisms and leakage reduction techniques in deep-
submicrometer CMOS circuits," in Proceedings of the IEEE, vol. 91, no.
2, pp. 305-327, Feb. 2003.

A. Paidimarri and A. P. Chandrakasan, "A Wide Dynamic Range Buck
Converter With Sub-nW Quiescent Power," in IEEE Journal of Solid-
State Circuits, vol. 52, no. 12, pp. 3119-3131, Dec. 2017.

G. A. Rincon-Mora, "Analog IC Design with Low Dropout Regulators,"
McGraw-Hill, 2014.

B. Razavi, "Design of Analog CMOS Integrated Circuits," McGraw-Hill,
2016.

S. Kim and G.A. Rincon-Mora, "Dual-source single-inductor 0.18-pm
CMOS charger-supply with nested hysteretic and adaptive on-time PWM
control," [EEE International Solid-State Circuits Conference, San
Francisco, CA, Feb. 9-12, 2014.

A. A. Blanco, "Fast-waking and low-voltage thermoelectric and photovoltaic
CMOS chargers for energy-harvesting wireless microsensors," Ph.D.
dissertation, Georgia Institute of Technology, Atlanta, May 2017.

J. Kim and C. Kim, "A DC-DC Boost Converter With Variation-Tolerant
MPPT Technique and Efficient ZCS Circuit for Thermoelectric Energy
Harvesting Applications," in [EEE Transactions on Power Electronics, vol.
28, no. 8, pp. 3827-3833.

S. Priya and D.J. Inman, "Energy Harvesting Technologies," Springer, Jan.
2009.

A. Blanco and G.A. Rincon-Mora, "A 44-93-ps 250-400-mV 0.18-um
CMOS starter for dc-sourced switched-inductor energy harvesters" IEEE
Trans. on Circuits and Syst. I (TCAS 1I), vol. 61, no. 12, pp. 1002-1006,
Dec. 2014.

M. Bhaskaran, S. Sriram, and K. Iniewski, "Functional Materials and
Microsystems for Energy Harvesting," CRC Press, Nov. 2013.

C. Mead, "Scaling of MOS technology to submicrometer feature sizes",
Analog Integrated Circuits Signal Process., vol. 6, pp. 9-25, 1994.



