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Recent advances in low-power circuits have enabled mm-scale wireless systems
[1] for wireless sensor networks and implantable devices, among other
applications. Energy harvesting is an attractive way to power such systems due
to limited energy capacity of batteries at these form factors. However, the same
size limitation restricts the amount of harvested power, which can be as low as
10s of nW for mm-scale photovoltaic cells in indoor conditions. Efficient DC-DC
up-conversion at such low power levels (for battery charging) is extremely
challenging and has not yet been demonstrated.

Boost DC-DC converters are widely used to harvest energy from DC sources and
yield high conversion efficiency [2]. However, they require a large off-chip
inductor at low harvested power levels, increasing system size. Alternatively,
switched-capacitor (SC) DC-DC converters can be fully integrated on-chip and
are favored for form-factor constrained applications [3-8]. However, at low
power levels, SC converter efficiency has been constrained by overheads of
clock generation and level-conversion to drive the switch capacitors. As a result,
efficient SC converter operation has been limited to the yW range.

This paper presents a fully integrated energy harvester maintaining >35%
end-to-end efficiency when harvesting from a 0.84mm? solar cell in low light
condition of 260lux, converting 7nW input power from 250mV to 4V. The key
contribution of this work lies in the proposed SC DC-DC voltage doubler
structure, in which an oscillator is completely internalized within the SC network.
This eliminates power overhead of clock generation and level shifting, and
enables higher efficiency at lower power levels. Voltage doublers are cascaded
to form a complete harvester with a wide load range from 5nW to 5pW and
self-starting operation down to 140mV. Since each doubler is self-oscillating, the
frequency of each stage can be independently modulated, thereby optimizing the
overall conversion efficiency. The harvester conversion ratio is configurable
from 9x to 23x and idle power consumption is less than 3nW.

Figure 23.3.1 shows a conventional SC DC-DC voltage doubler that includes a
clock generator, level shifter, and clock buffers. Each of these blocks introduces
power overhead, reducing efficiency. The proposed doubler consists of two
stacked ring oscillators with the output nodes of corresponding stages
connected through flying caps (Cgy). In each stage, inverters from the top and
bottom ring either charge or discharge the flying cap thereby transferring power
to the upper ring. Simultaneously, the inverters drive the next stage in their ring,
creating a multi-phase DC-DC converter with overlapping charge/discharge
phases and self-sustaining operation. Because the two oscillators are
synchronized at every stage, phase mismatch is <0.01xFQO4, reducing contention
loss to <1% of switching loss (simulation) and avoiding the need for non-
overlapping clocks. Rpy is a delay element that ensures matching of the flying
cap charging/discharging time to the oscillation period. In the harvester, this
delay is automatically tuned to balance switching and conduction losses and
maintain optimum conversion efficiency across a range of load currents.

Figure 23.3.2 shows the detailed implementation of the voltage doubler. The
delay element R,y consists of two coupled leakage-based delay elements [1]
and a pass transistor T, followed by two buffers. When the inputs Hyg and Ly
of the stage switch from high to low, output nodes Hy, and Ly, (driven low)
become isolated. T, then provides a leakage path from L, to Ly, that slowly raises
Lia and, through Gg, also H;,. Back-to-back inverters of the delay element
provide positive feedback and amplify the transition once it reaches Vyy, creating
a sharp edge. This transition is then buffered and passed to the next stage. The
opposite transition functions similarly. Due to the output isolation the structure
can produce very long, synchronized delay while the coupled positive feedback
creates a sharp edge that limits short-circuit current and contention loss,
enabling ultra-low power operation.

For each doubler, the delay tuning voltage Vo is dynamically adjusted to
balance conduction and switching losses by examining the ratio of output to
input voltage (Rpy). A low Ry indicates a large voltage across the switches and
dominant conduction loss. Conversely, high Ry, indicates low conduction loss
(zero as Rpy—2) and dominant switching losses. This property is used to
modulate the oscillation frequency of the doubler and maintain optimum
efficiency across load currents. A clocked comparator, operating at a fraction of

the internal oscillator frequency, takes in a divided form of the doubler output
voltage (Vpy = Vour/Row pesiren) @nd the input voltage (Vyp). The division ratio is
configurable and is set to 1.73 in all measurements. A charge pump then takes
in the corresponding pull-up/pull-down signals, and adjusts Vgqy as needed to
either speed or slow the oscillation. The voltage divider is implemented with a
combination of a diode stack and capacitive divider to provide fast response and
good low-frequency behavior.

Figure 23.3.3 shows the block diagram of the complete harvesting system,
consisting of 4 stages of cascaded voltage doublers, a negative voltage
generator, and circuits for conversion ratio control. A negative voltage is used to
boost overall conversion ratio and to power control circuits, and is generated by
connecting Vygy and Vygp of the doubler to V), and ground, respectively,
resulting in Vyg=-V)y at the Vg port of the doubler. To facilitate energy
harvesting from a low voltage source (e.g., photovoltaic cell under low light), the
first stage and negative voltage generator use low Vy; (~300mV) devices for their
flying cap drivers. Bootstrapping is also used with these low V5, switches to
improve lqy/lor at low input voltages. 1/0 devices are used in the final stage to
protect the circuit from high voltages used to charge energy storage devices
(e.g., batteries).

The conversion ratio is adjusted by changing the number of cascaded stages. In
addition, we propose a new adjustment scheme where the V o, of a doubler is
switched among V,y, GND and Vygg. If VoW is set to -V, the voltage across the
flying cap increases, resulting in Vour = (Vieo+Vin)x2=Viy = 2xVyep+Viy- If Viow iS
set to GND for 4 cascaded stages, overall conversion ratio is 16x. However, if
final stage V| gy is set to Vygg, overall conversion ratio increases by 1x, becoming
17x. Similarly, setting Vo to V,y decreases conversion ratio. In a binary
manner, the conversion ratio is controlled from 9x to 23x. Measured results in
Fig. 23.3.4. demonstrate that a 0.35V input can be converted to a 2.2 to 5.2V
voltage range with similar conversion efficiencies across settings.

To enable cold start of the complete system, the control logic operates between
Vieg and Vyy rails. Upon initial system startup, Vg and Vo, become available first
and allow the control logic to turn on and configure the switches. As each stage
is powered up, its internal frequency modulation is enabled and begins to control
the frequency for optimum efficiency.

The voltage doubler and energy harvester are fabricated in 0.18um CMOS (Fig.
23.3.7). Figure 23.3.4 shows a single doubler has >70% efficiency across 1nA
to 0.35mA output current (>10° range), with low idle power consumption of
170pW. Figure 23.3.5 shows measured results of the complete harvester. When
Vn=0.45V, the harvester delivers 5nW to 5uW output power with >40%
efficiency, and has an idle power consumption <3nW. For V,=0.25V,
corresponding to a solar cell under very low light, the harvester can take in
between 10nW and 120nW to charge a ~4V battery voltage with >35% efficiency.
Measured results with a small silicon solar cell (0.84mm?) show actual
harvesting operation under dim light of <100lux. The harvester cold starts with
<200lux of light and 6nW power source. Figure 23.3.6 summarizes the
performance of the proposed design and compares it to prior work.
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Figure 23.3.1: Concept of the proposed voltage doubler.

Timing diagram of synchronized delay

A
A

ViioH

1 +

Voltage |Vow
Divider
Charge |

Vueo Pump 5

3

>

Veon

Self-oscillating dsubler

Frequency controller!

Lnc

Vian
+ Vo
Viweo| [~ 4 » h
H | Pullup
L H O [Loa Lie U Lic
Viow | i H H v
o
E——
Te Voltage divider
—‘;ym:hmmzed delay Buffer
T
Veon

Charge pump

Figure 23.3.2: Schematic of the voltage doubler.
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Figure 23.3.3: Structure of the harvester.

Figure 23.3.4: Measured results of the doubler and harvester.
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Figure 23.3.5: Measured results of the harvester.
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Figure 23.3.6: Performance summary and comparison.
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Figure 23.3.7: Die micrograph of the 0.18ym CMOS test chip.

2014 IEEE International Solid-State Gircuits Conference 978-1-4799-0920-9/14/$31.00 ©2014 IEEE



