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Autonomous devices that are self-powered over a full lifetime, by
extracting their energy from the environment, are crucial for
applications such as ambient intelligence, active security in
smart cards or monitoring. As the energy availability and power
dissipation are not constant over time, energy management
becomes a key function and determines the potential for informa-
tion processing. All these challenging constraints have been
taken into account to develop an autonomous system enabling
thermal energy harvesting and power storage in the microwatt
range.

The microsystem architecture, illustrated in Fig. 3.1.1, is com-
prised of two power sources, RF and thermoelectric, a microbat-
tery used as a storage unit and integrated circuits to transform
and manage the harvested energy and interface the microbattery.
Both sources are managed by the ICs: the microbattery being
charged either using thermal energy harvested by the thermo-
generator associated with the DC/DC converter or using external
RF power converted by the RF converter. The state of charge of
the storage device is monitored periodically.

Thermoelectric power generators have three main advantages: no
human intervention is required throughout their lifetime, they
are highly reliable and quiet since there are no moving mechani-
cal parts and the materials used are environment friendly. Micro
and nanotechnologies enable production of the small power gen-
erators required to match the decreasing dimensions of standard
wireless sensor modules. The thermal micro-generator illustrat-
ed in Fig. 3.1.2 has an output power of 4uW/cm? per degree C, a
90Q series resistance and generates 1V for a temperature differ-
ence of 60°C.

A micropower up-converter switching power supply is used to
convert the available power from the thermogenerator into a reg-
ulated power supply (Fig. 3.1.3). The difference between one part
of the boost filter output voltage (o*Vout) and a voltage setpoint
(SP) is amplified, then modulated into pulse density information
for control of the MOS power switch. A sub-1V bandgap voltage
reference [1] is used as the voltage reference (570mV). The error
amplifier is comprised of a 50dB gain OTA and a buffer. The
innovative pulse density modulation (PDM) is based on an asyn-
chronous passive AX modulator instead of the traditional PWM
controller for simplicity of implementation (2 RC filters and 3
inverters), very low power consumption (1uW) and spectral
spread of the switch noise. A low-voltage, high-performance
charge pump, composed of one clock booster and two stages of
voltage doublers [2], is used to increase the PDM signal voltage
four-fold. This allows a large decrease in the equivalent Ron of
the MOS switch.

The RF converter is composed of a limiter, a rectifier and a con-
trol loop to provide a stabilised DC output. In standard 13.56 MHz
RFID applications, RF power and conversion efficiency depend on
the distance between the RF source and the IC; the input RF
power is much greater than the needed power and the superflu-
ous current is diverted through ballast MOS.

The microbattery can be charged by the thermogenerator’s
DC/DC output or by the RF converter. Therefore, the power sup-
ply manager, comprising a specific unit along with an asynchro-
nous finite state machine, manages priority between the two
sources when they are present simultaneously and activates self-

powered microbattery protection in the case of external power
source interruption. The charge controller provides constant cur-
rent for a one hour microbattery charge.

The lithium, solid-state microbatteries [3] are processed on Si
wafers using thin film technology. The low process temperature
(< 350°C) required and surface compatibility with ASIC materi-
als allow the use of the ASIC as a substrate for the microbattery.

In order to ensure permanent monitoring, the microbattery dis-
charge monitor is supplied by the above-IC deposited microbat-
tery itself. Therefore, since the available capacity provided by
these on-chip batteries is in the range of 100pAh/cm?, all levels of
monitor development (from architecture to design) are made to
achieve an ultra-low-power monitor [4, 5], the aim being longer
battery operation and preservation of energy for the application.
The discharge monitor must also be resistant to supply voltage
variations (1.6V to 2.8V) to be compatible with the microbattery.
The microbattery is considered discharged if its voltage is lower
than 1.6V+0.1V. The discharge monitor compares this voltage to
a reference voltage for one second every hour. This sampling rate
is sufficient since the microbattery lasts for about one year for the
envisaged low duty-cycle applications.

The DC/DC converter for the thermogenerator illustrated in Fig.
3.1.4 is implemented in a traditional 0.35um CMOS process and
occupies a core area of 0.5mm? Measurement results indicate a
total power consumption of 70uW with a 1V supply voltage,
including clock generation, charge pump, AX modulator, error
amplifier, bandgap reference and I/O pads (Fig. 3.1.5). The
bandgap reference presents a voltage variation of 104ppm/°C in a
[-40, +160]°C temperature range. The output voltage can be reg-
ulated within a 2.5V range from 1.75V to 4.3V. Figure 3.1.6 shows
DC/DC converter block efficiency at maximum output current for
different voltage levels. Higher efficiency is obtained for a 1.75V
output and maximum output power is obtained at an output volt-
age of 2.25V. The efficiency factor can be strongly enhanced by
reducing losses in the power filter (and especially in the diode).

Figure 3.1.7 illustrates an IC, containing an RF converter, the
power supply manager and the microbattery charger and dis-
charge monitor, fabricated in 0.18um CMOS with a 30mm? micro-
battery deposited on the surface. A 78% efficient power supply
management and microbattery charge unit is obtained with a
27uA charge current and a 12pA standby current consumption
from the microbattery (for permanently supplied protection). The
overall consumption of the battery-powered discharge monitor is
less than 5nW (3.3nW for sequencing, 1.3nW for sampled com-
parison, as detailed in Fig. 3.1.5). These results are confirmed by
system level tests with above-IC microbattery powered ASICs,
showing furthermore that the microbattery process does not
affect ASIC performance.

In order to achieve thermal energy harvesting and storage, a
micropower DC/DC up-converter and a controller chipset was
designed and tested. The next step of this project is to design an
autonomous microsystem including the two proposed functions
together with a traceability application in the same die and tech-
nology.
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Figure 3.1.1: System architecture. Figure 3.1.2: Thermo-elements.
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Figure 3.1.3: DC/DC converter architecture. Figure 3.1.4: Thermal DCG/DC converter micrograph.
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Figure 3.1.5: Current consumption. Figure 3.1.6: DC/DC converter efficiency.
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Figure 3.1.7: Discharge monitoring die with above-IC microbattery.
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