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1. Introduction

Thereis anincreasing demand for energy-efficient wireless sensor networks (WSN) in different
sensing and monitoring applications. Many autonomous WSN solutions have been deployed
in different areas, including health and lifestyle, automotive, smart buildings, predictive
maintenance (e.g., of machines and infrastructure) and active RFID tags [1]. For example,
miniaturized wireless body area network (WBAN) platforms that can monitor various
biological and physiological signals are highly demanded [2]. These WSN platforms face the
main technological challenges of miniaturization, autonomy and manufacturing cost [3]. As
long lifetime and small form factor requirements of these applications cannot be provided by
miniaturized primary batteries, energy harvesting and charging miniaturized rechargeable
batteries could be a good solution for realizing autonomous WSNs. These emerging autono-
mous ultra-low power (ULP) sensors incorporate energy harvesting source, energy storage
device and electronic circuits for power management, sensing and communication into a
miniaturized system.

The main energy harvesting sources that have been deployed in WSN applications are
vibrational, thermal, photovoltaic, and radio frequency (RF) energy sources. Nanoscale energy
sources for solar, kinetic and thermal energy harvesting were thoroughly discussed in the
previous chapters. As mentioned before, in a kinetic energy harvester, including electrostatic,
piezoelectric, and electromagnetic transducers, motion is transduced to electrical power. These
transducers have different power throughputs ranging from almost 1uW/cm? up to
100uW/cm? depending on environmental conditions [1]. The output voltage depends on the
transducer type and typically it tends to be too low in the case of electromagnetic transducers
and too high in the case of electrostatic transducers [4]. When two junctions that are made of
two dissimilar conductors are kept at different temperatures, an open circuit voltage develops
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between them based on the seebeck effect that can be harvested by an appropriate thermal
energy harvester circuit [5]. Although the source power can reach to 100mW/cm? for industrial
applications, the temperature gradient and the efficiency are much lower for human body
application comparing to machine applications [1]. Ambient RF energy is another source of
energy harvesting. Although RF energy harvesting can be very attractive for some applications
including RFID tags, for wirelessly powering miniature sensors, either a large area antenna
should be used or the RF energy source should be used in close proximity of the sensor node.
For example in [6], in order to harvestl.5mW in the target autonomous sensor, a 100 mW RF
energy source has to be placed at 20 cm proximity of the sensor. Finally, solar cells are the most
widely deployed energy harvesting sources that convert incoming photons into electricity.
Solar energy is the most abundant and practical form of ambient energy and miniaturized solar
cells are already available in the custom sizes as small as Imm? [7]. Especially for outdoor
applications, they are an obvious energy source for autonomous systems, as the source power
can reach to 100mW/cm? However for Indoor applications, illumination levels are much lower
in the order of 100uW/ cm? Efficiencies of these energy transducers range from 5-30%,
depending on the used material and indoor or outdoor conditions. Thanks to their high
efficiencies, solar cells can be good energy sources for miniaturized autonomous wireless
sensor nodes, even in the order of a few cubic millimeters size. The energy that harvesting
sources provide highly depends on environmental conditions. In many WSN platforms,
combinations of different energy harvesting sources have been used to guarantee autonomous
operation of the sensor. For example, in [8] both thermal and photovoltaic energy harvesters
have been exploited to power an ECG system.

Successful implementation of energy harvesting for WSN applications mainly depends on
meeting size, autonomy and cost constraints. Meeting these constraints can be quite challeng-
ing and highly depends on the chosen application and data transmission requirements. At
present, complex wireless sensor platforms such as iMote [9] have been realized as printed
circuitboards (PCB) and cannot be used for realizing millimeter-scale sensors. First of all, bulky
batteries are needed to provide the required peak and average power during sensing and data
transmission. In addition, most of standard wireless transmission protocols such as Zigbee
transceivers [10] require centimeter-scale antennas. In order to replace these bulky batteries
by miniaturized energy storage options, not only new materials and architectures such as thin
film Li-ION batteries should be developed, but also robust low-power circuits should be
developed for sensing and wireless data communication. By using smaller batteries for these
low power circuits and developing new wireless transmission methods that require smaller
antennas, millimeter-scale wireless sensor will become feasible. These millimeter-scale
wireless sensor systems create a lot of new applications, such as continuous monitoring of
intraocular pressure (IOP) to detect and track the progression of glaucoma. Current eye
pressure measurement techniques are invasive and must be performed at a doctor’s office,
however by using an implanted sensor, IOP can be logged continuously using a capacitive
MEMS sensor and periodically transmitted to a base station to be communicated with the
doctor. In [11], an autonomous wireless intraocular pressure monitor microsystem has been
presented that incorporates a miniaturized photovoltaic (PV) module, a miniaturized thin film
Li-Ion battery and the required electronic circuit for solar energy harvesting, sensor readout
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and data communication in a 1.5mm? biomedical implant. Since the sensor is implanted in the
eye, meeting miniaturization target is crucial; the size of the thin-film battery has been limited
to Imm? that has only 1.5uAh capacity.

Although for some WSN applications such as implanted biomedical sensors and monitoring
infrastructures, cost is not the main issue, however for most of other applications, current
harvesting technologies are still far too expensive. In fact, low sensor cost is vital for the mass
deployment of autonomous sensors in smart dust applications. A possible route to realize less
expensive sensors is the use of MEMS technology for manufacturing. The devices could then
be made on a wafer basis in a batch mode, thereby greatly reducing the size and the cost. But
reducing the size of the sensor reduces not only the cost but also the harvested energy. In order
to meet stringent power requirements of these sensors, the total power consumption of the
WSN platform should be minimized by proper circuit design of all power-hungry components,
including wireless transceiver, sensor frontend circuit, processor, and memory blocks. In
addition, as miniaturized energy harvesters can supply approximately 10 yW-1 mW, design-
ing efficient power management circuits is also very important and can be quite challenging.
In this chapter, we will focus on power management circuits for solar energy harvesting.
Another major challenge for realizing millimeter-scale wireless sensors is antenna miniaturi-
zation. Low-frequency radios suffer from poor transmission distances while high-frequency
radios require high-bandwidth high-power circuits [12].

The system level design of the power management circuit starts by selecting an appropriate
energy harvesting source and energy storage device, and the circuit is designed to harvest the
maximum energy from the energy harvesting source and store in the energy storage option
with maximum efficiency. In fact, as harvested energy is intermittent, either a rechargeable
microbattery or a supercapacitor should be used as energy storage device for reliable operation
of electronic circuits that are used for power management, sensor interfacing and wireless data
transmission. In fact, usually the power that is delivered by the harvester is less than the peak
power that the sensor requires during sensing or radio communication. In addition, although
the average power that energy harvesting source provides should be higher than the average
power consumption of the sensor, a temporary mismatch between power generation and
consumption could exist and an energy storage device is needed for continuous operation.

Although the main factor for selecting an appropriate PV module is the power that it can
provide in different lighting conditions, other characteristics of the PV module, such as open
circuit voltage, short circuit current and maximum power point of the PV module, should be
also considered to design a highly efficient solar energy harvester. A PV module provides a
DC voltage that highly depends on the illumination level and temperature and can be different
from the nominal voltage of the target NiMH or Li-ION battery. In addition, the battery voltage
changes from its nominal voltage during battery charging and discharging. As the DC voltage
of the PV module differs from the voltage of the target battery, different inductive [13] and
switched-capacitor (SC) [14, 15] DC-DC converters have been proposed to harvest energy from
a miniaturized PV module to charge a battery. Typically these DC-DC converters either use
external capacitors or inductors or they operate at high frequencies and use sophisticated
control circuits to reach high efficiency in the fully integrated DC-DC converters. However,
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by using higher frequencies or deploying complex control circuits, the power consumption of
power management circuit Is increased and a high efficiency is not achievable under reduced
illumination levels when input power is only a few micro-watts. In the direct charging
approach [16], the battery is connected to the PV module through a switch, similar to low
dropout regulators. However instead of using error amplifiers [17], low power SC circuits have
been used to control the switch. By properly matching the PV module and the target battery,
this approach achieves a very high efficiency during charging either NiMH or Li-ION batteries
[16, 18]. In addition, as neither inductor nor large capacitors have been used, the die area is
much smaller comparing to conventional SC or inductive DC-DC converters.

In addition to charging the target battery, since under reduced light intensity, harvested energy
from the PV module may be lower than the power consumption of the microsystem, the energy
management circuit should dynamically reduce power consumption of the sensor to avoid
complete discharge of the battery. As a result, the microsystem can continue its autonomous
operation at a lower speed. The power management circuit can measure the remaining charge
of the target rechargeable microbattery or supercapacitor and scales the power consumption
of the microsystem up or down according to the energy stored in the battery. In this chapter,
tirst of all, all main blocks of the solar energy harvester, including the power management
circuit, energy harvesting source and energy storage device will be discussed thoroughly and
after that, the proposed circuit will be used to power a miniaturized autonomous sensor. In
fact, size and power requirements of a WSN platform highly depend on the target application
and how the measurement results should be processed and communicated with a base station
or other target sensors. The target sensor is an autonomous hydrogen gas sensor [19]. In fact,
as the use of hydrogen fuels becomes more common, an increased demand for low cost
miniaturized hydrogen sensors is expected. Palladium (Pd) nanowire hydrogen sensors,
which can be used at room temperature, have good sensitivity thanks to their large surface-
to-volume ratio while maintaining low power operation and small form factor [20]. Therefore,
these miniaturized sensors are good candidates for ultra-low power (ULP) hydrogen sensing.
The readout circuit should measure the change in conductivity of Pd nanowires upon hydro-
gen exposure [21]. As these nanowires have an undesired thermal cross-sensitivity, tempera-
ture is also measured and further compensated during sensor calibration, for accurate
measurement of hydrogen concentration [21]. In [39], a miniaturized autonomous sensor has
been presented that uses nanowire materials to realize the sensor and the energy harvesting
source. The total size of this WSN platform is mainly constrained by the battery and wireless
transceiver.

2. Energy storage option

Selecting an appropriate energy storage device is the first step in designing an energy harvester
circuit, and the power management circuit should be designed with the target of optimizing
the overall power efficiency, based on the selected energy storage device. Millimeter-scale
sensors that rely on micro-power energy harvesting, typically have additional stringent
constraints on die area and usage of external components. Although the target sensor may
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consume only a few UA on average for sensing and data transmission, the peak power
consumption during wireless data transmission is typically much higher. For example, the
TZ1053 wireless transceiver consumes 3.3 mA and 2.8 mA during data transmission and
reception [22]. Wireless transceivers that are compatible with standard protocols such as
CC2520 that uses Zigbee [23] or CC2570 that uses ANT protocol [24] consume even more
during data transmission or reception. Miniaturized supercapacitors, NiMH and Li-ION
microbatteries are different solutions that have been used in many wireless sensing platforms.
The battery should have enough capacity to provide enough power for a few hours” operation
of the sensor, even without energy harvesting. In addition to size and capacity, other charac-
teristics, such as peak discharge current, nominal operating voltage, end-of-charge voltage
(Veoc), end-of-discharge voltage (Viop), cycle life and self-leakage should be considered to
design energy-efficient sensors that rely on energy harvesting source. Although tiny superca-
pacitors, such as GZ115F of CAP-XX [25], can be charged and discharged using much higher
currents and have much longer cycle lives in comparison with the rechargeable batteries, they
have some disadvantages that make them inappropriate for some WSN platforms including
miniaturized autonomous sensors that are normally idle for a very short duty cycle during
their operation. The main disadvantage of supercapacitors is their high leakage currents that
can be even larger than the current provided by the PV cell under reduced illumination level.
In addition, they have much lower energy capacity compared with rechargeable batteries of
similar sizes which can provide enough power for continuous operation of the sensor when
the energy harvesting source is missing for a few hours. Among lithium-based batteries, state-
of-the-art thin film lithium batteries, such as MEC220 of Infinite Power Solutions [26] or
CBCO050 of Cymbet [27], are a promising technology for integrated energy storage. These
microbatteries can be used instead of bulky batteries for millimeter-size WSN platforms as
miniaturized batteries are already available in the custom sizes as small as Imm? [27]. These
batteries, that have only 200um thickness, can be used as bare dies to be embedded into
modules directly or co-packaged with other integrated circuits. In addition to small size and
low thickness, these microbatteries have very low self-leakage, long cycle lives and high
discharge currents that make them ideal energy storage options for autonomous wireless
sensors with low operation duty cycles. Table 1, compares the main characteristics of this
battery with MEC220 thin film lithium battery and GZ115F supercapacitor. This thin film Li-
Ion battery supports up to 10000 recharge cycles as can be seen in this table. The charge loss
of this battery can be as small as 2% per year in room temperature. Although the capacity of
this battery is only 400uAh, it can support a high pulse discharge current of 15mA. The main
disadvantage of these batteries is their high nominal voltage levels and their higher cost
comparing to conventional NiMH and Li/ION batteries. As thin film lithium batteries have
nominal voltages of more than 3.8 V, additional DC-DC converters are required to use these
batteries for ULP applications. NiMH microbatteries have a nominal voltage of 1.2 V and can
provide relatively high capacity and discharge current. For example, Varta VOHR microbattery
[28] has a large nominal capacity of 6.2 mAh and can provide a peak discharge current of 18
mA, while its diameter and height are 6.8 mm and 2.15 mm, respectively. The miniaturized
gas sensor that has been proposed in [21] uses this battery as the energy storage option.
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Energy Storage Option/ GZ115F of MEC220 of Infinite Power V6HR of Varta
Specification CAP-XX [24] Solutions [25] [27]

Technology Supercapacitor Thin film battery NiMH battery
Nominal Voltage 2.3V 4.1V 1.2V

Size 20X15X1.25 mm?3 25.4X25.4X0.17 mm?3 D: 6.8mm, H: 2.15mm
Energy Capacity 4 uAh 400 pAh 6,200 pAh

Peak Discharge Current 30A 15mA 18mA

Cycle life 30,000+ hours 10,000 1,000

Table 1. Comparing energy storage options

Selecting appropriate energy storage option highly depends on the size, cost, wireless
communication and autonomy constraints in the target WSN platform. At present, thin film
Li-ION batteries can be as small as Imm?, but these tiny batteries cannot provide enough
discharge current for standard wireless communication protocols. In addition, these batteries
are not appropriate for low-cost applications due to their much higher prices comparing to
conventional NiMH or Li-ION batteries. If standard wireless communication protocols are
supposed to be used in a low-cost application, conventional NiMH or Li-ION microbatteries
are still the best options. These batteries should be able to provide required impulse current
during data transmission. Finally autonomy requirements should be considered to select a
battery with enough energy capacity to provide enough energy during the time interval that
energy harvesting source is missing. NiMH microbatteries have been widely used as energy
source for different applications and typically have very low prices. As can be seen in this table,
Varta V6HR has a relatively high capacity and discharge currents, while its 1.2 V nominal
voltage can be an additional advantage in ULP applications. If in the target sensor, all electronic
circuits, including the external wireless transceiver, can operate with a sub-1.2 V supply
voltage, additional step-down or step-up circuits are not required. The main disadvantage of
Varta VOHR NiMH battery in comparison with MEC220 thin film lithium battery is its lower
cycle life and higher discharge current. This battery loses almost 20% of its charge during the
tirst month. The main disadvantage of Varta VOHR NiMH battery in comparison with GZ115F
is its lower discharge current and shorter cycle life. On the contrary its capacity is much higher
and the leakage current is much less than GZ115F. Although supercapacitors have low energy
capacity and high leakage current that makes them inappropriate for miniaturized energy
harvesting applications where harvested energy is in the order of 10 yW-100 uW, thanks to
their high discharge current and their long cycle life, they can be ideal candidates for complex
WSN platforms with higher input powers. These supercapacitors can be used as energy buffers
besides the rechargeable batteries to provide impulse currents.

3. Solar energy harvester

The solar energy harvester circuit should harvest energy from input solar cells and store it in
the target rechargeable battery with the maximum end-to-end efficiency. The main tasks of a
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solar energy harvester block are battery charging, battery management and energy manage-
ment. In order to achieve high efficiency, the main characteristics of the PV module, such as
open circuit voltage, short circuit current and maximum output power should be considered.
A single solar cell can be modeled as in Figure 1 [29]. The open circuit voltage of a miniaturized
solar cell is only a few hundred millivolts and if it is supposed to be used to charge a NiMH
battery, either inductive boost DC-DC converters or step-up SC DC-DC converters should be
used and direct charging approach cannot be deployed. However single solar cells can be
connected in series to provide higher DC voltages. In direct charging approach, an appropriate
number of solar cells should be used in series to provide sufficient DC voltage. In [21] four
miniaturized nanowire solar cells [30] have been connected in series to charge a NiMH
microbattery, while to charge a thin film Li-ION battery ten solar cells should be used in a
series configuration [18].

AA—

I:{series: VPV+

9 lsc V § Rstun

Vpy.
®

Figure 1. Circuit model of a single solar cell

The block diagram of a miniaturized autonomous sensor that uses direct charging method to
charge a NiMH battery is depicted in Figure 2. In the solar energy harvester, the battery voltage
(V) is compared with the open circuit voltage of the PV module (V,,) using a dynamic
comparator, and if it is lower, the battery is connected to the PV module to store harvested
energy. If V,, drops below Vy,, the switch between V,, and V,,, is kept turned off to avoid
battery discharge through the PV module. In this approach, the maximum power point voltage
(Vinpp) of the PV module should be close to the Vo of the battery to achieve high efficiency.
Although P, and Ig- of the PV module changes considerably in different lightning conditions,
V,.and V., of the PV module does not change significantly. In Figure 3, the deliverable power
of a PV module that uses four solar cells in series has been simulated at different illumination
levels using the electrical model of the solar cell [19]. This PV module has a total area of 28
mm? and can provide a maximum power Pmpp of 2.88 mW in AM1.5 illumination. In AM1.5,
solar intensity is almost 1 mW/mm?. At 10% of AML1.5, although the deliverable power is
reduced by roughly the factor of 10, V. just drops from 2.35 V to 1.95 V.

The second main task of the energy harvester circuit is battery management. In miniaturized
sensors that rely on energy harvesting, as the charging current is limited by the PV module,
normally the battery is charged in either standard or trickle charging modes, depending on
the illumination conditions and capacity of the battery and there is no need to limit charging
current [28]. In trickle charging mode, the battery is charged by a small current, and it can be
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Figure 2. Block diagram of the proposed hydrogen gas sensor

continuously charged, even after reaching Vioc. For example in Varta VOHR, if charging
current is less than 3% of its 6mAh energy capacity or equivalently 180uA, the battery is
charged in trickle charging mode. Trickle charging limit is normally a function of the energy
capacity of the battery and larger batteries have higher charging limits. When battery is
charged by a charging current that is higher than this trickle charging limit, the battery
charging should be stopped after reaching Vi to avoid permanent damage to the battery. In
addition, to avoid full discharge of the battery that reduces the cycle life of the battery, the
battery should be disconnected from the sensor when the battery voltage drops to Viop. As a
result, the battery management unit should detect Vi and Vigp voltage levels to avoid
overdischarge or overcharge of the battery [16]. Finally, the last task of the energy harvester
circuit is energy management. Since, under reduced light intensity, the power delivered by
the PV module may be lower than the average power consumption of the sensor, the energy
harvester circuit should reduce power consumption of the microsystem to avoid full discharge
of the battery during this period. Under reduced light intensity, the microsystem continues its
autonomous operation at a lower speed and with a lower duty cycle. The energy management
circuit can measure the remaining charge of the target battery and scales the power consump-
tion of the microsystem up or down according to the measurement results. In order to reduce
the power consumption and speed of digital circuits, the operating frequency is scaled down
and the data transceiver is activated by a lower duty cycle. Bias currents are also scaled down
to reduce power consumption and the speed of analog circuits. In order to reliably estimate
the energy stored in the battery, battery voltage is measured when the battery is discharged
by a high discharge current. As harvested solar energy may be as small as a few micro-watts
under reduced light intensities, the power consumption of the energy harvester circuit should
not be higher than a few hundred nanowatts to have high efficiency during these periods. As
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neither Vpv nor Vbat changes rapidly, comparator and voltage level detector blocks are
activated every few seconds to minimize average power consumption [19].

g

10% of AM 1.5
—20% of AM1.5
—50% of AM1.5
—AM15

:

-

:

g

Deliverable Power (Microwatts)
g

QO

15 2 25

5
PV Module Voltage (Volt)
Figure 3. Deliverable power of the PV module in different lightning condition [19]

The dynamic comparator and required control signals can be seen in Figure 4. After turning
off the switch between V,, and V,,, the first inverting gain stage gets reset by activating the
reset control signal, to establish a common mode voltage of V, at the V¢ 1,, node. Meanwhile,
Ve ot 1S connected to V,, by activating the Sample_V,, control signal, and the difference
between V,,, and V, is sampled on the sampling capacitor. In the next step, by deactivating
the reset and activating Sample_V,, control signal, V¢ ,, is connected to V,,, and as a result,
Ve 1op changes to V + (Vipat - va). Outputs of the first and second gain stages (V,; and V)

change according to the new Vc 1, and V, is latched and stored as Vc,,,, by enabling the
latch_enable control signal. If V,,,, gets 1, it means that V,,, is higher than V,, and the switch
should be kept turned off to avoid battery discharge, but if V,,,, gets 0, the PV module starts
to charge the battery by turning on the switch. After the switch is turned on, V,,, will follow
V.« during battery charging.

As the operating voltage of the PV module is determined by the battery, end-to-end efficien-
cy from the PV module to the battery is reduced when the battery voltage diverges from the
Vipp Of the PV module during battery charging. Different maximum power point tracking
(MPPT) strategies have been deployed in energy harvesting applications to maximize the
amount of harvested energy. As the V,,, of the PV module varies with incident light condi-
tions, anefficient MPPT scheme ensures that the maximum poweris extracted froma PV module
atany given time. Many complex and accurate MPPT schemes have been investigated for large
solar harvesting systems [31]; however, when the PV module is small and can only provide a
few micro-watts under reduced light intensity, only low-overhead schemes thatincur very little
power overhead can be good candidates. Several low-overhead MPPT approaches, including
fractional open-circuit voltage (FOC), fractional short circuit current (FSC) and hill-climbing
techniques, can be deployed in inductive and SC DC-DC converters [32]. In direct charging V,,
always follows V,,, and no MPPT scheme can be deployed. Nevertheless, it can achieve even
higher end-to-end efficiency than competing SC and inductive DC-DC converters. In [16], end-
to-end efficiency from the PV module to the battery has been simulated at different illumina-
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Figure 4. Circuit diagram of dynamic comparator [19]

tionlevels. As canbe seenin Figure 5a, the miniaturized PV module thathasbeen used as energy
harvesting source can provide maximum power of 77.1uW at 1.33V under AM1.5 illumina-
tion. The efficiency reaches to the minimum value of 76.9% when the battery is fully dis-
charged. Starting from a fully discharged NiMH battery at Vo and charging it up to fully
charged state at Vi, the average end-to-end efficiency during charging process is 90.6%. In
Figure 5b, although illumination is reduced by a factor of 10 and the maximum input power is
only 6.36uW, the average efficiency during charging process is still 85.2%. In fact, since the
voltage of the PV module does not change significantly at different lighting conditions, the MPP
of PV module is still close to nominal voltage of battery and a high end-to-end efficiency from
PV module to the battery is achievable without any MPP tracking.

Table 2 compares the simulated performance of the circuit we described with state of the art
SC and inductive DC-DC converters that had been previously used for micro power solar
energy harvesting. The proposed power management system, achieves better end-to-end
efficiency in comparison to these circuits. In addition, as neither inductor nor large capacitors
have been used in this architecture, the die area is minimized. Finally as high quality capacitors
or inductors are not required, the circuit can be easily realized in different technologies.

When the target rechargeable battery is discharged by a high current, the battery voltage drops
and the voltage drop depends on the remaining charge of the battery. For example, when the
V6HR NiMH microbattery is fully charged, the battery voltage is close to Vo as the battery
is discharged by a low current, V,,, drops to its nominal value and remains almost constant,
up to getting close to the fully discharged state. However, if the battery is discharged by a high
current, as can be seen in the discharge curve of the battery in Figure 6 [28], V,,, drops
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Figure 5. Efficiency of power management system, under simulated AM 1.5 illumination (Figure 5a), under simulated
10% light intensity (Figure 5b)

immediately and voltage drop depends on the remaining charge of the battery. During wireless
data transmission, the battery is discharged by a high current, close to 5 CA (C being the 1
hour charge or discharge current). As can be seen in Figure 6, if discharge capacity is less than
20%, V., is higher than 1.1 V during this period; however, if discharge capacity is higher than
20%, Vo drops from 1.1 V down to 900 mV, depending on the remaining charge of the battery.
In our circuit, the battery voltage is detected during this period to accurately estimate the
energy stored in the battery. Depending on the detected V,,, the power-performance of the
integrated electronic circuits and operation duty cycle of the wireless transceiver are recon-
figured to guarantee autonomous operation of the sensor. If V,,, is high enough, the sensor can
operate at its highest performance: solar energy harvester and sensor interface circuits work
at their highest speed, and measurement results are sent to the base station every 10 seconds.
If V,,, is not high enough, the sensor interface circuit and wireless transceiver are activated
with a lower duty cycle to minimize total power consumption of the sensor. If V,, is close to
Veop, these blocks should be deactivated temporarily to avoid full discharge of the battery.
Battery voltage can be detected during this period to accurately estimate the energy stored in
the battery. Depending on the detected V,,, the power-performance of the integrated electronic
circuits and operation duty cycle of the wireless transceiver can be reconfigured to guarantee
autonomous operation of the sensor. If V, . is high enough, the sensor can operate at its highest
performance: solar energy harvester and sensor interface circuits work at their highest speed,
and measurement results are sent to the base station every 10 seconds. If V, ,is not high enough,
the sensor interface circuit and wireless transceiver are activated with a lower duty cycle to
minimize total power consumption of the sensor. If V, is close to Vigp, these blocks should
get deactivated temporarily to avoid full discharge of the battery.
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[13] [14] [15] [16]
process 0.25pum CMOS 0.35pum CMOS 0.35pum CMOS 0.18um CMOS
input voltage (V) 0.5~2 2.1~35 1~2.7 0.9~2
output voltage (V) 0~5 3.6~4.4 2 0.9~1.5
S5puw 0
power throughput <780uwW 0~80uW
~10mwW ~80uW
2.4pW 450nW
controller power >10puW <300nW
~3.5pW ~850nW
end-to-end efficiency 70% 67% 86% 90%

Table 2. Performance comparison between different solar energy harvesters [16]
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Figure 6. Typical discharge curves of the target NiMH microbattery at room temperature [28]

The voltage level detector (LD) in Figure 7 can be used to determine the battery voltage level
[16]. After circuit startup, the battery voltage is checked to make sure that it is more than the
end of discharge threshold voltage (Viop) and can power up the circuit. If Vy, is less than Vigp,
it means that the battery is fully discharged and cannot provide enough power for the
electronic circuits. In this situation, the PV module continuously charges the battery by keeping
the switch closed. As soon as V,, passes Vyop, LD starts its normal operation, comparing Vi,
with specified threshold voltages in a timely manner and updating the Vi 1., as a result. In
order to generate a bandgap reference voltage, 25 substrate PNP transistors have been used
as Q; and Q, in a common-centroid layout [18]. These transistors are biased with a 100 nA
current source to generate Vg, and Vg, in non-overlapping @, and @, phases, and the SC circuit
sums up Vg and (Vgg;- Vig,) with appropriate coefficients. When V,,, reaches Vg, the switch
between the PV module and the battery is turned off to avoid overcharge of the battery.

The SC circuit of Figure 7 operates using non-overlapping clock signals @1 and ®2 and detects
when V,, passes the V| specified in Equation (1) by setting the V ... output. Required
command signals and status of the switches during @, phase, can be seen in this figure. In this
phase, Vi, is applied to bottom plate of aC and BC capacitors, while bottom plate of yC
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Figure 7. Circuit diagram of voltage level detector [19]

capacitor is grounded. The first inverter gain is reset during this period to establish a fixed
common mode voltage for aC, BC and yC capacitors during this period. In phase ®,, Vg, is
applied to the bottom plate of aC capacitor, while bottom plates of fC and yC capacitors are
connected to ground and V,,, respectively. As a result the voltage of the top plates of aC, C
and yC capacitors change and this change is amplified by two inverting gain stages and by
enabling “Enable_Latch” control signal during phase ®@,, V,, 1...; output is updated. By using
a variable yC capacitor, different voltage levels between Vo, and Vioe can be detected to
estimate the remaining charge of the battery. In Equation (1), &, f and y coefficients are the
ratios of tunable aC, BC and yC capacitors. These variable capacitors have been implemented
using a matrix of 10 fF metal-insulator-metal (MIM) capacitors that have been used as unity
capacitors.

Vi =lax(Vepy-Vip)+ BV el /()= Vi [ ) 1)

As Vg, is complementary to absolute temperature (CTAT) and (Vgg;- Vig,) is proportional to
absolute temperature (PTAT), different CTAT, PTAT or temperature-independent reference
voltages (V) can be built by proper selection of aC and BC capacitors. After that, by modifying
the vC capacitor, target voltage levels can be detected. As can be seen in Table 3, by modifying
BC and yC capacitors, different battery voltages, starting from Viop, of 0.9 V up to Vo of 1.5
V, can be detected. In order to have a bandgap temperature-independent voltage reference,
aC should be modified according to the selected BC capacitor. By detecting the battery voltage
between 900 mV and 1.1 V, the remaining charge of the battery can be estimated according to
the discharge curve of the battery in Figure 6. Similar circuit architecture can be used to detect
battery voltage of thin film Li-ION batteries [18]. The same bandgap reference can be used as
reference voltage.
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Voltage Level (V) aC Capacitor BC Capacitor yC Capacitor
907mV(Veep) 170fF 1230fF 230fF
947mV(V ) 170fF 1230fF 220fF
1002mV(V,,) 180fF 1300fF 220fF
1051mV(V,,) 180fF 1300fF 210fF
1104mV(V,;5) 190fF 1370fF 210fF
1509mV(Veoc) 160fF 1160fF 130fF

Table 3. Detected voltage levels in voltage level detector

After measuring V,,, and estimating the energy stored in the battery, the operating frequency
of digital circuits and bias currents of analog circuits are reconfigured according to the
remaining charge of the battery. In the current-starved ring oscillator in Figure 8a, the
frequency is determined by R; and C; and can be specified as Equation (2). In Equation (2),
K, is a constant value that depends on the number of inverter stages in the ring oscillator [33].
The left part of this oscillator is a current mirror that makes the inverter ring biased with a total
current identical to the one flowing through RL resistor. This total current is split to charge
and discharge all load capacitors. Capacitor C1 is used for decoupling the inverter ring supply
voltage and does not participate in the time-constant of the oscillator circuit. By using a digital
resistive trimming network to modify R;, F is reconfigured by an energy harvesting circuit,
according to the measured V,,,.

Fosc= Kl/(RL >(CL ) (2)

In addition to a fixed 10 nA beta-multiplier (BM) current reference that has been used to
provide the required bias current for a solar energy harvester, a switched-capacitor beta-
multiplier (SCBM) current source has been designed to generate frequency-proportional bias
currents. In this circuit, which can be seen in Figure 6b, SC resistors have been used instead of
regular resistors to generate frequency-proportional bias currents [34]. For example, I,pc can
be specified as in (3):

I ypc=K;xKyxF, . x(C3+Cy) 3)

In Equation (3), K; and K, are constant values that depend on the ratio between the widths of
transistors in Figure 8b. K; depends on the ratio between M, and M,, and K, depends on the
ratio between M5 and M. The current ripple of I,;,; is minimized by using a large decoupling
capacitor, C,, and two complementary branches charging and discharging C; and C, capacitors
in non-overlapping J; and J, clock phases with F . frequency [34]. As F . is determined by
the oscillator, I, scales dynamically by changing the frequency of the oscillator. In addition,
this current source can be easily deactivated by turning off the &J; and &, clocks.
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Figure 8. Reconfigurable current-starved ring oscillator (Figure 8a), Switched- capacitor beta-multiplier (SCBM) cur-
rent source (Figure 8b) [19]

In ultra-low power analog circuits, such as the discrete time incremental ADC that has been
used in [21], bias currents should be high enough to guarantee correct operation at the target
operating frequency. Bias currents that are generated by SCBM can be used for the sensor
interface circuit. If V,,, is low, F . is decreased to reduce the power consumption of digital
circuits in the ADC. When the system is operating at a lower frequency, lower bias currents
can be used to reduce the power consumption of analog circuits in the sensor interface circuit.
By using these frequency-proportional bias currents, power consumption of the sensor can be
scaled down dynamically by reducing F ..

The comparator and LD blocks can be activated in a timely manner, to check the charging
status of the battery. As neither V,,, nor V,,, change rapidly, these blocks are activated every
few seconds to minimize their average power consumption. After activating each block, a
digital control unit (DCU) generates the required control signals for related SC circuits. The
power consumption of DCU is mainly determined by the low frequency counter that activates
the comparator and LD in a timely manner. Although comparator and LD blocks consume
considerable power during their active time, nevertheless, as they are activated every few
seconds, their average power consumption is negligible. The simulated total power consump-
tion of the energy harvester circuit is mainly determined by the clock generator, bias circuit
and DCU blocks, which are always active.

4. Wireless transceiver and sensor interface

Emerging wireless sensors that are powered by micro-power energy harvesting sources have
more stringent energy requirements compared to traditional wireless sensors. Apart from
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minimizing the total power consumption of the sensor, which is mainly achieved by duty
cycling operation of the sensor, they should have low peak power and ultra-low standby
current. Low peak power ensures that miniaturized batteries with limited peak discharge
currents can be used to power up the circuit. Ultra-low standby current guarantees that the
average power consumption of the sensor can be minimized by heavily duty cycling sensing
and data transmission. The main factors impacting power consumption of a wireless trans-
ceiver are supply voltage, carrier frequency and receiver sensitivity. The power consumption
of transceiver can be reduced by operating at lower supply voltages. Although most of the
wireless transceivers work with at least 1.8 V supply voltage, ultra-low power wireless
transceivers with sub-1.2 V voltage, such as TZ1053 [22] or ZL70250 [35], are more suited to
miniaturized energy harvesting application, thanks to their lower power consumption during
data transmission and reception. These transceivers operate at sub-1 GHz frequency bands
and have much lower peak-power and standby power, compared to state-of-the-art 2.4 GHz
transceivers.

The second important factor is the carrier frequency. Some of the factors that affect choice of
carrier frequency are operation range, power consumption, transmission data rates and
antenna size. Although 2.4 GHz protocols, such as Zigbee, have been used extensively for
wireless sensing applications, sub-1 GHz wireless systems offer several advantages for ultra-
low power, low data rate applications. These transceivers have less power consumption for
the same operating range, thanks to reduced attenuation rates and blocking effects at lower
frequencies. Besides requiring higher power for the same link budget, higher traffic in the 2.4
GHz frequency band increases the interference in this frequency band. Finally, receiver
sensitivity also affects the power efficiency. A narrower bandwidth creates higher receiver
sensitivity and allows efficient operation at lower transmission rates. Overall, all radio circuits
running at higher frequencies, including low-noise amplifiers, power amplifiers, mixers and
synthesizers, need more current to achieve the same performance as lower frequencies do.
Sub-1 GHz transceivers have some disadvantages, such as larger size of antennas and lower
datarates, but overall, they are more suited for our application. A higher data rate can improve
the energy efficiency (energy per bit) of the transceiver for high bandwidth applications with
large data payloads. In fact, overall power consumption of a wireless transceiver is not only a
factor of physical layer items, such as radio architecture, carrier frequency and antenna choice,
but is also a function of the amount of time that the radio needs to run in order to transport
the payload data over the air. Transmission time depends on the data rate and the protocol
overhead to establish and maintain the communication link. For example, a Zigbee transceiver
that has a 250 Kbps data rate can send 1 MB of data almost five-times faster than a TZ1053 that
has a 50 kbps data rate. However, in ultra-low power applications, typically, data payloads
are small and a 50 kbps data rate is more than enough. As standard protocols, e.g., Zigbee or
Bluetooth, offer highly sophisticated link and network layers and have a large protocol
overhead, they are not very efficient for sending small data payloads.

Miniaturization of WSN platforms highly depends on the chosen application, in addition to
using appropriate wireless transceiver. In fact, in some WSN platforms, minimizing the power
consumption of the sensor interface circuit can be quite challenging. A miniaturized Pd
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nanowire grid fabricated on a silicon wafer has been used for hydrogen gas sensing. Each grid
consists of 14 Pd nanowires, half of which are covered with a passivation layer to prevent
hydrogen from reaching the nanowire [36]. These coated nanowires, which are only sensitive
to temperature, have been used as reference nanowires, while the remaining nanowires, which
are sensitive to both temperature and H, concentration, have been used as sensing nanowires.
The sensor interface circuit of Figure 9 measures the conductance change of the sensing
nanowires in comparison to the reference nanowires. In addition to eliminating the effects of
temperature by first order, the measurement is only sensitive to the ratio of conductance of
nanowires, instead of their absolute values, and as a result, a higher accuracy is achievable.
Although the temperature effect is eliminated by first order, there are still second order effects,
as the temperature coefficient of nanowire resistance changes according to H, concentration.
In order to compensate this second order effect, temperature is measured using an integrated
temperature sensor. H, sensing accuracy can be increased by incorporating the measured
temperature during sensor calibration. An incremental analog to digital converter (ADC) [37]
converts the measured temperature and H, concentration to 12-bit digital values at different
times. Individual Pd nanowires that have between 7 KQ and 9 KQ) resistance should be biased,
with a minimum bias voltage of 50 mV for 10 seconds. These nanowires have been represented
by NW,., and NW,. in Figure 9. The voltage around the reference nanowire, V,=(V,-V,),

is used as the reference voltage, while the voltage of the sensing nanowire (V,) is used as the
input voltage for the following incremental ADC in consecutive non-overlapping clock phases.
As a IMHz clock has been used for ADC and since this ADC needs 2N cycles for N-bits
conversion, a 12-bit conversion takes nearly 4 milliseconds. After gas sensing is completed,
temperature is measured to further increase the accuracy of gas sensing using an integrated
temperature sensor. In the proposed integrated temperature sensor, substrate PNP transistors
have been used to generate proportional to absolute temperature (V) and temperature-
independent reference (V..) voltages, and the ADC converts (V ,/V.) to a 12-bit digital value.
In Figure 9, by using a 50 fF MIM capacitor as C; and a 360 fF MIM capacitor as C,, a temper-
ature-independent reference voltage of approximately 310 mV has been generated. Similar to
gas sensing, n-bit digital representation of (V,,.,/V.) is stored in the ADC counter and sent to
awireless transceiver after temperature sensing. The accuracy of temperature sensing is mainly
limited by mismatch between Q, and Q, and nonlinearity in temperature dependence of Vi,
and (Vgg- Vigo). Although these errors can be minimized by using dynamic methods presented
in [38] to reach +0.1°C accuracy, such power-consuming techniques are not needed here. The
proposed low power temperature sensor can achieve +1 °C accuracy by only calibrating C,
and Ir,,,, at room temperature. When the sensor interface circuit operates at a lower frequency,
Q, and Q, transistors are biased with a lower Ir,,,, bias current to reduce the average power
consumption of the circuit. Power consumption and conversion time of this ADC can be
reconfigured according to the energy stored in the battery to match the amount of available
power, resulting in an adaptive, autonomous sensor. The power management circuit dynam-
ically reduces the operating frequency of digital circuits and the bias currents of analog circuits
in this sensor interface circuit under reduced light intensity. However, ADC conversion time
increases as a result.
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Figure 9. Circuit diagram of the proposed sensor interface [19]

5. Experimental results

The power management and sensor interface circuits have been implemented in a 0.18 pm
CMOS process with 0.25 mm? total area, as can be seen in the chip microphotograph in Fig-
ure 10. The main blocks, including the digital and analog blocks of solar energy harvester
and sensor interface circuits, have been specified separately. When operating at 1 MHz, the
whole circuit consumes almost 2.1 uW; while the average power consumption of the energy
harvester is less than 350 nW. The wireless transceiver sends the measurement results for
both temperature and H, concentration to a base station every 15 seconds.

Table 4 presents measurement and simulation results for power consumption of the energy
harvester and sensor interface circuits in different system operation modes. These operation
modes have been defined according to the remaining charge of the battery, which is estimat-
ed accurately by detecting the battery voltage between 900 mV and 1.1 V during wireless
data transmission, and the battery is discharged by a high current, close to 5 CA. Battery dis-
charge capacity is determined according to the discharge curve of the battery shown in Fig-
ure 6. Highly resistive poly resistors have been used in the beta multiplier current source,
and oscillator. As these embedded resistors are sensitive to process variations, they have
been trimmed initially. If the battery gets discharged, a lower battery voltage is detected
during 5 CA discharge and the system is switched to a lower clock frequency to decrease the
average power consumption of the whole system. In S;, and S;; modes, the operating fre-
quency is decreased to 500 KHz and 250 KHz, respectively. In S;, mode, when the remaining
charge of the battery is less than 25%, the circuit consumes less than 0.6 uW by operating at
125 KHz frequency instead of 1 MHz and using lower bias currents. The average power con-
sumption of the energy harvester drops to less than 110 nW in S;, mode. In addition, meas-
urement results are sent every 120 seconds instead of every 15 seconds in S;; mode, to
further reduce the total average power consumption of the whole sensor.
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wrlgog

Block S5 S, S, Sio
Detected V,,, during 5CA discharge (mV) 1104 1051 1002 947
Battery discharge capacity (%) <20% <50% <65% <75%

Measured 1.114 1.055 1.003 0.955
Battery threshold voltage (Volt)

Simulated 1.122 1.063 1.010 0.962

Measured 950 488 249 127
Clock frequency (KHz)

Simulated 980 502 257 132
Time interval of sensing and data transmission (Seconds) 15 30 60 120
Power consumption of clock generator (nW) 165 85 44 23
Power consumption of digital control unit (nW) 90 46 24 13
Average power consumption of Measured 346 210 142 103
energy harvester (nW) Simulated 293 169 106 74
Average power consumption of Measured 1730 1120 790 640
sensor interface circuit (nW) Simulated 1360 870 625 500
Average power consumption of the integrated circuit (W) 2076 1330 932 707
Average current consumption of gas sensor bias circuit (UA) 4.67 2.33 1.16 0.58
Average current consumption of the wireless transciever (UA) 9.4 7.7 6.6 5.55
Average current consumption of the complete system (UA) 16 11 85 6.7

Table 4. System performance and power consumption in different system operation modes
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In order to estimate total power consumption of the sensor, the average power consumption
of sensor biasing circuit and wireless transceiver should be calculated. Pd nanowires should
be biased with a 7 pA bias current for 10 seconds, before measuring H, concentration. TZ1053
consumes 5 uA during standby and consumes 3.3 mA during a period of 20 ms to send a
sample with the minimum payload size of 55 bytes [21]. In S;; mode, samples are sent every
15 seconds, and the average current consumption of Pd nanowire sensors and wireless
transmission are 4.67 pA and 9.4 pA, respectively. By sending the samples every 120 seconds
in S;; mode, these values will be reduced to 0.58 HA and 5.6 pA, respectively. So, the total
average current consumption of the whole sensor is less than 16 ©A, operating at its highest
performance in S;; mode, and is reduced to less than 7 pA, operating in S;; mode.

7. Conclusion

In this chapter challenges in designing energy harvester circuits for miniaturized sensing
applications were discussed. Successful implementation of energy harvesting for wireless
sensing applications mainly depends on meeting size, autonomy and cost constraints.
Miniaturization of WSN platforms can be quite challenging and highly depends on the chosen
application and data rate of the transmitted data. Typically the total size of a wireless sensing
platform is mainly constrained by the battery and wireless transceiver. In this chapter, system
level design challenges, including the selection of appropriate energy storage device and
wireless transceiver were discussed. Direct charging approach was presented as an ultra-low
power energy-efficient solar energy harvesting approach and a sensing microsystem was also
presented for wireless sensing applications.
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