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Abstract— We present a discontinuous harvesting approach
for switch capacitor dc—dc converters that enables ultralow-
power energy harvesting. Smart sensor applications rely on
ultralow-power energy harvesters to scavenge energy across a
wide range of ambient power levels and charge the battery.
Based on the key observation that energy source efficiency is
higher than charge pump efficiency, we present a discontinuous
harvesting technique that decouples the two efficiencies for a
better tradeoff. By slowly accumulating charge on an input
capacitor and then transferring it to a battery in burst mode,
dc—dc converter switching and leakage losses can be optimally
traded off with the loss incurred by nonideal maximum power
point tracking operation. Harvester duty cycle is automatically
modulated instead of charge pump operating frequency to match
with the energy source input power level. The harvester uses
a hybrid structure called a moving-sum charge pump for low
startup energy upon a mode switch, an automatic conversion
ratio modulator based on conduction loss optimization for fast
conversion ratio increment, and a <15-pW asynchronous mode
controller for ultralow-power operation. In 180-nm CMOS, the
harvester achieves >40% end-to-end efficiency from 113 pW
to 1.5 u'W with 20-pW minimum harvestable input power.

Index Terms—DC-DC converter, discontinuous,
harvesting, switched capacitor, ultralow power.
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I. INTRODUCTION

NERGY harvesting from the ambient environment

is critical to self-sustaining IoT devices, such as
miniature-scale sensor nodes [1] and implantable medical
systems [2], [15]-[17]. Energy sources including photo-
voltaic [1], [11], thermal [18], piezoelectric [19], [20], and
RF energy [16], [17] are available for harvesters to scavenge
to charge the batteries.

However, there are three main challenges in energy
harvesting for IoT devices. First, power level varies dramat-
ically with ambient conditions. Illuminance can range from
10 Ix at twilight to 100K Ix under direct sunlight. Under the
illuminance range of 10-100K 1x, a 2.6 mm x3 mm solar
cell can produce 20 nW-200 ¢W [3], marking a 10000 times
range, which is difficult for harvesters to efficiently scale
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Fig. 1. Recent advances in low-power harvesting.

across. Second, it is advantageous for harvesters to har-
vest from low ambient power level. Admittedly, there are
applications where sufficient high input ambient power is
available to harvesters and sufficient battery size to survive
through periods of low ambient input power. However, there
are also situations where the sensor nodes are supplied with
limited maximum input power for long periods of time or
with very limited battery size or no battery at all. For some
applications such as infrastructure monitoring, nodes may be
placed in hidden or difficult-to-reach locations, often dark
and possibly cold and quiet, providing extremely low ambient
energy available for harvesting (e.g., 150 pW for a 0.01 mm?
photovoltaic cell at 32 Ix). Biological sensing, as another
example, may require that the sensor nodes to be placed on
moving animals possibly restricting the level of maximum
ambient energy available from picowatts to nanowatts (from
nanogenerators [23]-[25], from biofuel cell [26]). Therefore,
harvesters, which remain efficient with low ambient input
energy, may open up possibilities for wider choice of sensor
node placements and energy scavenge sources. However, few
harvesters have been presented to date that can maintain
reasonable efficiency with subnanowatt input power. For con-
venience, we refer to the minimum harvestable power as the
harvesting floor. As shown in Fig. 1, the harvesting floor has
decreased in recent publications, with some papers pushing the
limit to 1 nW at 30%—50% efficiency. An inductor-based har-
vester was proposed in [6], which extends the harvesting floor
to 1.2 nW by reducing the leakage power of the harvester to
544 pW, setting the harvesting floor to be near 500 pW. As an
alternative approach, a self-oscillating switched capacitor
dc—dc converter was proposed [7] that extends harvesting
floor by reducing clock generation overhead. Both these works
sought to reduce the “ON-power” of the harvesters, and thus
pushed the harvesting floor down to near 500 pW. This paper
is the first to the best of our knowledge that can harvest
below 500 pW; it does so while maintaining at least 40%
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Fig. 3. Conceptual efficiency illustration of (a) traditional harvester efficiency
and (b) proposed harvester.

efficiency across an input power range of 13000 times. The
third challenge for a harvester is that each energy source needs
to be biased properly to produce maximum power; this process
is called maximum power point tracking (MPPT). As shown
in Fig. 1, harvesters typically achieve >90% energy source
efficiency when incorporating MPPT. In summary, we face
three challenges: wide input power range, low ambient power,
and MPPT.

To extract energy efficiently from an energy source, a proper
bias condition is required to match the ambient power levels
(€.g., Vmppt depends on incident light level for photovoltaics).
Fundamentally, the ability to bias the energy source correctly
for maximum power extraction is not limited by power levels,
as long as the proper voltage or impedance is seen by the
energy source. However, the efficiency of dc—dc converters is
closely related to input power levels, and a dc—dc converter
is usually only efficient for a certain power range [13], and
limited by leakage for low input power. Hence, we observe
that energy sources can offer much higher efficiency than
dc—dc converters for low ambient power levels and across
wide power ranges. Therefore, to extend the harvesting floor
by increasing efficiency at low ambient power levels, this
paper proposed a new method called a discontinuous harvester,
in which we intentionally trade off MPPT efficiency for dc—dc
converter efficiency.

Conventionally, a harvester is a dc—dc converter, with one
common topology being a switch-capacitor (SC)-based charge
pump as shown in Fig. 2. This charge pump is continuously
pumping charge from the energy source, which produces a
low voltage, in order to charge the battery at a high voltage.
The dc—dc converter efficiency remains relatively flat for a
certain range of input power as shown in Fig. 3(a). As input
power increases, the charge pump will increase its frequency
to match the power level. Eventually a point where efficiency
flattens is reached where the efficiency is limited by the drive
strength of the power switches. On the other hand, as input
power decreases, the charge pump runs slower and becomes
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Fig. 4. Concept of discontinuous harvester.
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Fig. 5. Conceptual operation of discontinuous harvester.

leakage dominated, leading to poor harvesting efficiency at
low ambient power. Typically, reducing switch sizes can
limit leakage. However, this approach concurrently reduces
the maximum input power the system can harvest, resulting
in a similar harvesting range. Therefore, size optimization
cannot effectively extend the range of harvestable input power.
In contrast, while charge pump power range is inherently
limited, it is relatively easy to maintain MPPT efficiency
across a wide range of input power. Put another way, overall
efficiency is given by MPPT efficiency multiplied by charge
pump efficiency, and overall efficiency is limited by charge
pump efficiency.

To extend the harvesting floor, the idea of this paper
(extended from [21]) is to trade off MPPT efficiency to allow
for higher charge pump efficiency at low input power levels.
At the same time, efficiency is maintained at high input power,
so that an ultrawide range harvester with low harvesting floor
is achieved [Fig. 3(b)].
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II. PROPOSED TECHNIQUE:
DISCONTINUOUS HARVESTING

A. Discontinuous Harvesting
This paper is a discontinuous harvester that operates in two

phases (Fig. 4). In these two phases, the bias voltage of the
energy source, Vsol, deviates from Vmppt, which results in
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a slightly lower harvesting source efficiency. At the same
time, the charge pump is duty cycled to achieve a much
higher CP efficiency. This paper uses an off-chip capacitor
controlled by on-chip switches S2 and S3 to isolate the charge
pump. A mode controller enables the two-phase discontinuous
operation.

It should be noted that this discontinuous burst-mode oper-
ation is only applicable when the ambient power accessible to
the harvester is at the low end of its operating range. In this
situation, the harvester efficiency is limited by leakage, and
the discontinuous operation can effectively reduce the effi-
ciency degradation due to leakage. When the ambient power
accessible to the harvester is high enough for the harvester to
operate efficiently and leakage is not dominant, the harvester
is configured to operate continuously as a conventional charge
pump, which matches its frequency to the given input power.
In both the scenarios, we aim to extract maximum power from
the input energy source.

Phase 1 is a harvest phase where S2 and S3 are open. In this
phase, the energy source slowly accumulates charge on the
capacitor. As shown in Fig. 5, bias voltage Vsol increases from
below Vmppt to above Vmppt. In contrast, a conventional
harvester attempts to hold the energy source output at a fixed
voltage Vmppt. Hence, as shown in the second plot, the
proposed method sacrifices MPPT efficiency. In this phase,
the charge pump is power gated reducing system leakage to
below 15 pW—this value is critical as it sets the harvesting
floor. In contrast, conventional continuous harvesters have a
consistently high leakage, resulting in a low or even negative
charge pump efficiency at extremely low input power levels
(e.g., subnanowatts).

When Vsol is sufficiently high, the harvester enters phase 2,
which is a transfer phase. In this phase, S2 and S3 are closed
to power on the charge pump, effectively transferring charge to
the battery in a burst-mode. The charge pump goes through a
startup mode and operates at its peak efficiency in steady state.
Vsol quickly decreases in this phase, and at some point the
harvester is reconfigured back to the harvest phase. It should be
noted that when operating discontinuously (i.e., available input
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power is low), the charge pump always operates at its optimal
frequency with peak efficiency, and when input power level
is high enough for efficient continuous operation, the charge
pump needs to adjust operating frequency for maximum power
extraction. Therefore, this technique simplifies the charge
pump design because optimizations (flying capacitor size,
switch size, and so on) are only needed for high input power
range. In this implementation, capacitor and switch sizes are
optimized for input power >100 nW for the given die area.

The resulting solar efficiency of the proposed harvester is
lower, because Vsol deviates from Vmppt, however, a much
higher charge pump efficiency is achieved due to the low
leakage in harvest phase and peak efficiency in transfer phase.
Therefore, the discontinuous harvester has much higher overall
efficiency under low input power.

B. Energy Efficiency Tradeoff Analysis

The discontinuous harvester enters transfer phase when the
capacitor Cbuf is charged and returns to harvest phase when
Cbuf is depleted, resulting in a voltage range seen at Cbuf.
We refer to the voltage range of this capacitor as AVsol. It is
important to note that there is a tradeoff between MPPT and
dc—dc converter efficiencies that serves to limit AVsol.

AVsol is an indicator of how often the system goes into
transfer phase. Fig. 6 shows the tradeoff related to AVsol
based on a mathematical derivation given later in this section.
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As AVsol decreases, Vsol becomes closer to Vmppt and solar
efficiency accordingly rises. As AVsol decreases toward zero,
the harvester becomes a conventional harvester operating con-
tinuously, biasing the solar cell at a fixed voltage where MPPT
can be achieved for the given light condition, battery voltage
and the implemented charge pump. However, in this latter
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case the harvester enters transfer phase more often, introducing
extra losses. One cost associated with entering transfer phase
very frequently includes a startup process in which the CP
initializes the flying caps, requiring a large amount of energy.
With infrequent entry to transfer phase (i.e., larger AVsol)
the startup loss gradually becomes negligible, and total charge
pump efficiency approaches its peak. In summary a large
AVsol limits solar efficiency while a small AVsol is limited by
charge pump efficiency. Therefore, there is an optimal AVsol
that achieves the highest overall efficiency.

To derive the optimal AVsol, we define two voltages
VH and VL, which indicate the high and low voltages seen
at Cbuf when the harvester enters transfer phase and harvest
phase, respectively. Thus, AVsol = VH-VL by definition.
The optimal pair of VH and VL results in the maximum
end to end efficiency. End-to-end efficiency Effi, can be
expressed as (1), where Effgyar is the solar efficiency in the
harvest phase, Eff, is the overall charge pump efficiency in
the transfer phase, Piegk is the leakage power in the harvest
phase, and Pmppt is the solar cell output power when biased
at its maximum power point (see Appendix A for details).
Equivalent series resistance (ESR) of the capacitor Cbuf
(ESR = 0.3 Q, measured) can potentially limit the maximum
current (e.g., Imax = 30 mA for 10-mV voltage drop) supplied
by Cbuf, and thus sets an upper bound on input power
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in transfer phase for discontinuous operation. However, the
charge pump implemented in this design operates at a much
lower power level and, therefore, is not limited by ESR

Pieak
Effiot = Effsolar*Effiran — P“ . (1)

mppt

Overall charge pump efficiency in the transfer phase is given
in (2), where Eouty and Eing are the energy drawn from the
battery and Cbuf, respectively, during the startup step, and
Eoutgs and FEingg are the steady-state output and input energy,
respectively

Effin = s — 2O @
Eing + Eing

The transfer phase efficiency can be expressed in terms
of VH and VL and charge pump efficiency in steady state,
Effss (3). For simplicity, Effgs is assumed to be independent
of VH and VL for this derivation, since AVsol is only a few
hundreds of millivolts and charge pump efficiency is relatively
insensitive to VH and VL compared with solar cell efficiency.
Eouty and Eing depend mostly on VH, and vary depending
on the charge pump structure used. For simplicity, Eouts and
Eing are assumed to be independent of VH and VL

[3+Cbuf(V H? — VL?) — Eing] *Effs — Eouty

Effian =
. LChuf(VH? — VL?)

3)

When the harvester goes into harvest phase, solar cell
outputs power to slowly charge Cbuf. Due to the voltage ripple
AVsol = VH-VL, solar cell is not biased at its maximum
power point, introducing a reduced solar efficiency. Therefore,
solar efficiency can be expressed as in (4), where VL and
VH are the voltage across Cbuf at the beginning and at
the end of the harvest phase, respectively, and P(v) is the
instantaneous output power of the solar cell when biased at
voltage v (see Appendix B for details)

‘YZI 2vdv
VH 2 :
Poppt [y, 'P(lf;)d”

Here, we set VH = Vippt, which is the maximum power
point of the solar cell. After simplification (see Appendix C
for details), solar efficiency can be simplified as shown in
(5) at the bottom of this page, where Isc is the short circuit
current of the solar cell. Transfer phase efficiency can be
rewritten in (6), as shown at the bottom of this page, in terms
of AVsol.

The optimal AVsol can be found by taking first order
derivatives of (1) assuming Pjeax iS independent of AVsol.
Equation (7) shows that AVsol, opt increases with startup

Effsolar = “)

(2V mppt—AVsol)xIsc

Eff olar = 5

solar 2Pmppt Q)
34Cbu (Vi — (Vimpp— AVs0D)?) — Eing, | #Effs — Eouty

Effiran = (6)

5#Cbuf (Vi o — (Vimppt—AVsol)?)






