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Abstract—Recently, solar energy harvesting circuits have been
proposed to increase the autonomy of wireless sensor nodes.
When the size of the photovoltaic module is very small, optimizing
the ef�ciency of energy collection and tracking the Maximum
Power Point (MPP) becomes hard and less effective. This paper
tackles the challenge of powering a sensor node with miniaturized
photovoltaic modules of somemm 2 and capacitors or superca-
pacitors as energy storage devices, proposing an inductor-less
solution suitable for on chip integration. We supply sensor nodes
equipped with ultra-low power MCUs and ZigBee-compliant
transceivers, focusing on the harvesting ef�ciency under poor
light irradiance. Simulations and experimental results show the
impact of light intensity variations and energy buffer capacity
on the activity of the sensor node.

I. I NTRODUCTION AND RELATED WORK

In recent times, research has greatly reduced the size and
the power consumption of distributed embedded systems with
an increase in functional capability. Nevertheless the amount
of available on-board energy severely limits the autonomy be-
coming the bottleneck which constraints the diffusion of perva-
sive embedded systems and wireless sensor networks. Energy
harvesting techniques aim at overcoming the limited lifetime
by converting energy from the surrounding environment and
replenishing reservoirs such as batteries or supercapacitors.
An attractive source for powering sensor nodes is represented
by solar energy, especially when sensor networks are steady
deployed in the environment.

The power provided by a photovoltaicPV cell is heavily
dependent on the ambient conditions (i.e. solar irradiance, light
incident angle, cell temperature) making the operating point of
the module(VP V ; I P V ) change non-linearly. The potential of
solar energy source to power ubiquitous distributed electronic
components has clearly been demonstrated in a number of
prototype systems [1]–[3] starting from simple solutions,such
as the replenishment of energy buffers performed by a direct
connection with thePV panel [4], [5]. These methods force
the operating point of the solar cell to the storage voltage
(i.e. battery or capacitor) providing low ef�ciencies. In more
advanced systems, the scavenger behavior is analyzed and
the control strategy is derived in order to achieve maximum
power transferred from the solar panel to energy reservoirs
and to supplied node. In such systems [1], [6], [7], techniques
to automatically �nd the operating point, which provides the
maximum output power (Maximum Power Point, MPP) are
implemented and the size of thePV modules is usually greater

than10cm2. It is enough to draw tens ofmW and to ensure
high conversion ef�ciency by the implementation ofMPP
tracking techniques that employ microcontrollers or analog
circuits.

Shrinking the size of the PV cells and using miniaturized
modules of somemm2 MPP Tracking techniques decrease
the overall ef�ciency because of the reduced incoming energy.
In fact, MPPT is practicable only if the power consumed by
the tracking circuit is substantially lower than the amountof
output power gained fromPV modules. However, in many
cost-sensitive applications or low duty cycle applications an
accurate tracking of theMPP is not necessary. When the
environmental energy is plentiful, simple and low-cost solu-
tions able to harvest large part of the available energy is all
that is required. Thus the scavenger design should focus only
on increasing and optimizing the harvesting ef�ciency under
faded solar intensity.

Since the energy drawn from micro solar cells is very small,
the development of energy harvesters as simple plug-and-play
enhancements to wireless sensor nodes becomes more dif�cult,
and ultra low power design for both scavengers and sensor
nodes is necessary. A key methodology is dealing with the
design of energy storage and conversion circuitry together
with the �nal architecture. This requires a different co-design
perspective, which involves energy sourcing, powered system
as well as energy management policies including optimization
techniques on all levels of the system [8], [9].

Energy harvesters provide �uctuating power source that is
generally not compatible with supply requirements of the node,
therefore common power interfaces have to be reconceived
through voltage conversion and regulation. Traditional DC-DC
converters have been proposed to step up the voltage in recent
works [2], [6] but they affect the harvester performance redu-
cing the global ef�ciency even after an accurate designed [10].
Moreover the adoption of on-board voltage regulator to stabi-
lize the voltage supply causes not negligible continuous power
consumption even when the node is shutdown. On the other
hand, low power circuits and architectures, which scale their
consumption with user requirements and unregulated supply,
are recently proposed in [11].

This paper tackles the challenge of powering sensor nodes
with miniaturized photovoltaic modules of somemm2 and
capacitors or supercapacitors as energy storage devices, maxi-
mizing of the power conversion when ultra-low power sensor
nodes are powered by low environmental energy. The �nal



solution does not use inductors, thus it is suitable for on chip
integration. We employ ultra-low power MCUs and ZigBee
compliant transceivers with a large operating voltage range,
which do not need a regulated power supply. We eliminate
any DC/DC conversion for power conditioning, powering the
sensor nodes with aPV array of only3 cm2.

The remainder of the paper is organized as follows. In the
next section we discuss the contributions of our work, followed
by a description of a few use-cases and example scenarios to
illustrate situations where� solar scavengers can be employed.
We describe also the limits of such an implementation and
discuss about which kind of application cannot use them. The
problem statement is presented in Section III, then we discuss
about the validation of our approach through simulation results
in Section IV illustrating the method to select the optimal
voltage supply region of the system. Section V describes
the implementation of the proposed method, which operates
around theMPP. Experimental measurements and achieved
performance are the focus of Section VI, �nally Section VII
concludes the paper.

II. CONTRIBUTIONS AND USE CASES

This work demonstrates that smart wireless sensing nodes
are capable of operation at extremely low power levels.� Solar-
scavengers have to deal with the small energy budget due to
the size of the cells. Hence two important metrics should be
optimized:

� maximization of the energy harvesting ef�ciency;
� minimization of the energy used for ineffective operations

(e.g. set of operations which cannot be �nished for
lack of energy) or for too expensive power conditioning
processes (e.g. DC/DC components).

In order to ful�ll both the requirements, this paper presents
the following contributions:

� We present a photovoltaic harvesting method which al-
lows to operate near theMPP exploiting small pho-
tovoltaic modules (� PV). It permits to increment the
ef�ciency of the energy conversion under low irradiance
conditions, at the minimum power consumption. The
system does not need any DC/DC converter or voltage
regulator to supply the sensor node. MCUs and any other
components on the sensor board operate in unregulated
mode, since they are powered with a variable voltage
supply;

� The system operates without batteries, and employs only
capacitors or supercapacitors. We show the dependence of
system behavior varying the value of the storage device.
We also present the design of an architecture that can
operate under unregulated harvested power. The sensor
node is activated only when the stored energy suf�ces to
execute speci�c atomic operations or a set of operations.

� We compute and restrict the region of voltage supply
values performing higher ef�ciency. The sensor node can
operate under any light conditions for the longest possible
rate and harvest an averaged power very close to the
allowed maximum (PMP P ).

Due to the limited capacity of the storage devices, even
if equipped with supercapacitor, and to the absence of an
aggressive software power management that can save proac-
tively energy for the future,� solar scavenger will survive
hardly for long time without light irradiance. Nevertheless so
small energy harvested sensors might already be employed
in several applications (i.e. ambient control and monitoring
or surveillance) which usually adopt sensor nodes that report
data when a monitored event is detected. Depending on the
nature of the environment, the density of the events may
change drastically during the day. For instance applications
for people monitoring and tracking in public buildings (e.g.
school, rail stations ...) register a rate which is proportional
to the number of people in the building. In this case the
network infrastructure has to be robust and redundant to
guarantee a large amount of events from the sensor nodes
during the day, whereas only few routers could suf�ce to
forward messages to the sink at nighttime. The advantage of
exploiting � solar scavenger in this scenario is threefold: a)
auxiliary solar harvesting routers are guaranteed to support
the network during heavy traf�c; b) they can be deployed
everywhere; c) on the contrary of battery-operated routers, they
don't need any assistance (e.g. battery replacement).

Another use case is represented by wearable autonomous
devices. The main key aspect of such systems is wearability
that is described as the interaction between the human body
and the wearable object [12]. In this scenario autonomous
microsystems present several key challenges. Due to their
small size and limited power budget they cannot employ
voltage regulators for power supply, and they should work
with any variable input voltage the harvesting system provides.
Moreover they cannot just be placed anywhere on our clothing
because each position offers different constraints (i.e. some
places limit our comfort, some places do not allow sensors
to work properly) and the problem of energy harnessing
becomes depended of the place where the sensor is embedded.
Light irradiation (directly from sun or from arti�cial light) is
available in the large part of our daily life, therefore� solar
scavengers offer greater degrees of freedom: they are small
sized, frequently exposed to irradiance and wearable comfort
is not severely limited.

III. PROBLEM STATEMENT

Powering sensor nodes with unregulated and variable volt-
age supply lets the developers the degree of freedom of se-
lecting the operating region of the device. Usually techniques
that aim at maximizing some performance of the system are
adopted. For example battery operated sensor nodes with no
harvesting features, may adopt agreedy policywhich exploits
the whole operating range in order to maximize the lifetime
of the system depleting as much as possible the energy
stored in the battery. Other polices could have as objective
the minimization of the power consumption at the cost of
slower execution time, by selecting low voltage supply and
slowing down the operating frequency. Voltage supply may
be also dynamically changed according to the behavior of the
system. For example some microcontrollers allow to work with
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Fig. 1. P-V characteristic of the� solar cell and MPP variation under different
light conditions.
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Fig. 2. How the system works under scarce light irradiation.

operating voltage of1V , even though particular instructions
are not enabled (e.g. �ash memory writing) because require
higher supply level for a successful execution. In this work,
we investigate a policy oriented to the maximization of the
harvested energy focusing on the optimal operating regions
for the system.

The I-V characteristic of aPV module, when neglecting the
internal shunt resistance, is given by the following equation:

I o = I g � I sat

n
e

q
AKT (Vo + IoR s ) � 1

o
(1)

whereI g is the generated current,I sat is the reverse satu-
ration current,q is the electronic charge,A is a dimensional
factor, K is the Boltzmann constant,T the temperature in
degree Kelvin,Rs the series resistance of the cell. The P-
V plot of the solar cell adopted in our harvesting system,
under two different light conditions, is shown in Fig. 1.
The �gure highlights also the Maximum Power Point on
the characteristics, tracking its variations with the black line
with dots when the light intensity changes. Under constant
temperature,VMP P increases if the irradiance becomes more
intense until a maximum valueVMP P max .

Since our ultra-low power solar harvesting scenario cannot
spend energy inMPP tracking circuits, our objective is to
maximize the ef�ciency when the environmental energy is low,
therefore the circuit is designed to optimize the ef�ciencyat
operating points placed at the bottom of theMPP trace. To
this purpose a window (W) with lower and upper boundaries
(Vth 1 ; Vth 2 ) is de�ned around these values. The operating
voltage levels included in this range are the only admitted

to power the sensor node. Since our architecture support a
wide voltage supply range (usually between1V and 4V),
several con�gurations of the de�ned windows (varying size
and position) can be realized. When capacitors or superca-
pacitors are used as energy buffer and the system is under
low environmental irradiance, the storage devices perform
continued charging and discharging cycles as shown in Fig. 2.
In fact, when the energy intake from the environment is
lower than the energy necessary to run a task, the energy
buffer will be depleted. Once the level in the buffer meets
the lower boundaryVth 1 , the sensor node switches in ultra-
low power mode and stops the execution of the application,
storing the data context and enteringOFF mode with a few
�Ws of power consumption. This operating mode allows
the solar harvester to replenish the energy buffer until the
upper boundaryVth 2 is reached. After that, the sensor node
is allowed to retrieve the data context from the memory and
to continue the execution of the application (ACTIVE mode).
This cycle repeats inde�nitely. We de�neRecovery Timeas
the interval required to recharge the capacitor, whileActivity
Time is the interval when the sensor node is operating.

Clearly when the energy from the environment is plentiful
because of the high light irradiance the energy buffer is rapidly
replenished and theActivity Timebecomes longer even if the
solar cell operates far from the optimum. When the average of
energy intake is greater than the energy spent to execute the
application the system does not register a decrease ofVCAP

in ACTIVE mode, which can last until a degradation of the
environmental energy. In such conditions, when the harvested
energy is plentiful, working close to the currentMPP is no
longer necessary.

If capacitors are used as energy buffers, the energy available
for the wholeActivity time (Tactive ) can be de�ned as follow:

Eav (t; t + Tactive ) =
C
2

�
V 2

th 2 � V 2
th 1

�
+ EH (t; t + Tactive ) (2)

where EH is the energy contribution of thePV module
when the sensor node is operating. To guarantee that any
tasks running on the sensor node can be complete before
enter theOFF mode (or at least it will not be interrupted
in an incoherent state), the values ofC; Vth 1 ; Vth 2 should
be accurately evaluated. In our work these parameters are
computed considering only the contribution from the storage
device, as worst-case scenario. If the task to execute requires
less than available energy, the sensor node is allowed to
switch automatically to theOFF mode using an internal trigger
and starting the buffer recharging before reaching the lower
boundary.

IV. EVALUATION OF THE OPTIMAL REGION

Since our implementation de�nes a region (W) where the
system operates, we performed several simulations in orderto
estimate the optimal size and position, validating the bene�ts
provided by our approach. In particular we will show that
operating with a narrow window around theMPP performs
better than exploiting the whole operating range allowed by
the sensor node.
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Fig. 3. Different simulations setup: (a) varying the size of the window around
MPP; (b) varying the position of a �xed sized window.
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We simulate the behavior of the presented system over
60min simulation time, measuring the number of switching
events betweenOFF and ACTIVE mode performed by the
system and its total operating time. We simulate different
scarce irradiance environments modifying the maximum power
PMP P provided by the solar modules when it results lower
than the average of sensor node power consumptionPdevice .
In particular we present three cases where the ratio between
power intake and power delivered to the sensor is 0.1, 0.5, and
0.9. We perform two different setups for our simulations. In
Fig. 3(a) we change the distance between thresholds around
the estimatedMPP. Increasing the windows size the average
of the power transferred to the storage device decreases since
the power provided by thePV module decreases moving away
from MPP.

Paverage =

RV th 2

V th 1
p(v)dv

V th2 � V th1
(3)

The second simulation setup is performed keeping �xed
the size of the window (W = 1 V) and performing several
simulations moving the position of the boundaries from low
to high voltage values. The setup is shown in Fig. 3(b).

Increasing the size of the window around theMPP the
number of the cycles performed decreases as depicted in
Fig. 4. This is clearly due to the increasing gap betweenVth 1

and Vth 2 which requires more time for complete charging
and discharging processes. According to Eq. 2 the usable
energy increases and the system performs longerActivity
interval. Nevertheless the globalActivity time, computed as the
sum of all the operating intervals decreases. Fig. 5 illustrates
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this phenomenon for all the environmental power used in
simulations. To compare different power intake con�gurations
we normalize the global time to the maximum theoretical time
allowed by given con�guration. For example, using the setup
PMP P = 0 :5�Pdevice , the maximum theoretical operating time
is half the simulation time because the system consumes twice
the power it harvests considering a constant scavenged power
ps = PMP P . All the con�gurations show that the system can
perform a higher total computation time narrowing the window
around theMPP. Clearly it means that the duty cycle de�ned
as:

D =
Activity T ime

Activity T ime + Recovery T ime
(4)

increases whenVth 1 andVth 2 approach the exactMPP.
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Using the setup depicted in Fig. 3(b) we performed the
same simulations evaluating the number of performed cycles
and the total operating time of the system. Fig. 6 shows the
number of cycles moving the windows from low operating
voltage of thePV module to beyondMPP. Since the window
size is �xed, moving towardMPP leads to an increment of
the averaged harvested power (Eq. 3) which causes shorter
charging time and slower discharging time, increasing the duty
cycle of the system. This is the reason because moving toward
MPP reduces the number of cycles, rising again once passed
it.

Evaluating the global operating time of the sensor node, this
trend is con�rmed. Indeed Fig. 7 shows the normalized time. In
all the con�gurations the global operating time increases when
the operating range moves close toMPP. Clearly, because of
a not negligible size of the windowW , the registered values
never get a full utilization of the theoretical time, even atthe
exactMPP.

The simulation presented in this section have shown that a
design strategy oriented to maximizing the power harvesting
from a PV module without DC/DC and complex tracking
systems, improves the performance. Better results, in termof
duty cycle and total utilization time, are achieved tightening
the operating region around theMPP. Clearly it causes higher
switching rate betweenOFF and ACTIVE modes due to the
low usable energy budget at each cycle.

V. SYSTEM DESIGN

A. Ultra-low power devices

The main contribution to the functionality of the� Solar
sensor node is given by the MSP430 microcontroller. It im-
plements a 16-bit RISC CPU architecture with 16-bit register
R0 to R15 and it is supplied by an operating voltage in the
range of 1,8 V to 3,6 V. The clock speed can be dynamically
selected up to 8 MHz, using software control. The main
characteristic of this device is it features up to �ve different
low power modesranging fromLPM0to LPM4besides a full
NORMAL MODE. Low power modes operate in the system
deactivating components in MSP430 micro-architecture and
providing a decrease of power consumption. In our system we
exploit the lowest-power modeLPM4which stops completely
the MCU and performs a lower consumption than the common
sleep modeoperated by other microcontroller architectures. In
this mode the registered current consumption is three orders of
magnitude lower thanNORMAL MODEand the MCU can be
only waked up by external interrupt trigger. Before entering
LPM4, software stores the used data in a non-volatile memory
and con�gures the external circuit to generate the wake up
triggers.

B. System Implementation

A conceptual schematic circuit is presented in Fig. 8. The
proposed MCU architectures are supplied between 1,8 V and
3,6 V, the operating point of thePV module depends on the
actual voltage of the capacitor used as energy buffer and
therefore two thresholds(Vth 1 ; Vth 2 ) are de�ned around the
MPP of the PV cell.

Vref

Sensor
Node

Wake-up
  trigger

Recovery
  trigger

C

PV -

Rth1

Rth2

Fig. 8. Conceptual schematic of the MPP circuit for the sensornode.

Fig. 9. � Solar sensor node. Fig. 10. � Solar ZigBee node.

Two low-power comparators are used to control the sensor
node activity. Comparing the supply voltage provided by the
energy buffer with the thresholds(Vth 1 ; Vth 2 ), the circuit
drives the sensor node toOFF mode (e.g.LPM4) or to
ACTIVE mode.OFF mode consumes few�W , allowing the
PVmodule to recharge the capacitor. When the voltage level of
the capacitor passes the higher thresholdVth 2 the comparator
raises a trigger signal, waking up the sensor node and starting
its Activity Time. Clearly, even if they are not depicted in the
�gure, there are some protections in case of overvoltage of the
energy buffer leading to a malfunctioning of the sensor node.

To protect from over-voltage and to limit the maximum
range of the energy buffer, a small zener diode is inserted
constrainingVth 2 to be lowerVnode MAX .

In order to avoid a situation where the energy available at
a particular time interval is not suf�cient for the execution
of an assigned set of operations, the computation will only be
triggered when the harvested energy can provide the necessary
charge for its completion. The minimum capacity valueC
to complete the task before enteringOFF mode can be
computed using the Eq. 2 and it is evaluated considering
the set of tasks that requires the larger amount of energy
(e.g. radio transmission). When other less energy consuming
tasks are executing, they complete their execution largely
before reaching the lower boundaryVth 1 , the node is therefore
allowed to switch automatically intoOFF mode using an
internal software trigger.

We implemented the proposed system on two different ultra-
low power platforms used as testbed. The �rst one, illustrated
in Fig. 9, is equipped with nine CPC1824s, monolithicmicro-
PV modules provided by Clare, Inc. [13]. The photovoltaic
array area, which supplies the whole system, measures only
0:8 cm2 globally (highlighted in �gure with red squares). In
the picture, it is also easy to identify the capacitor used as
energy storage device and the ultra-low power microcontroller
adopted (MSP430F2012 provided by TI [14]). As communi-
cation interface, we exploit a simple LED, which emits burst
of coded impulses to send messages.



Operation Average Energy
Power[mW ] Required[�J ]

Active Mode (no operation) 0,54
A/D conversion 1,41 6,21

Writing in FLASH 2,22 0,23
Flash Erasing 1,15 20,5

TABLE I
POWER CONSUMPTION AND ENERGY OF COMMON NODE OPERATIONS.
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To support also RF communications, we tested the ca-
pability of our scavenging system using a second platform,
which is illustrated in Fig. 10. It is a CC2430EM ZigBee
compliant module provided by TI [15]. We power it with a
scavenger circuit composed by aPV module of 3 cm2 and
two supercapacitors of1:7 F .

To determine the minimum value of the energy buffer, for
a sustainable periodical activity, we have characterized the
application analyzing the most power-consuming operations,
such as analog-to-digital conversions, memory accesses, or
transmitting and receiving ZigBee messages. In particular,
Fig. 11 shows the power trace of a simple application, running
on the platform presented in Fig. 9, which performs an A/D
conversion followed by the erase of a segment of the internal
FLASH memory, then another A/D conversion is executed
before storing the obtained sample in the memory. The re-
sults about power consumptions and energy requirements are
summarized in Table I.

As shown the most energy-consuming operation is erasing a
segment of the internal FLASH memory. Using small capac-
itors as energy buffers, estimating when a set of operations
is feasible becomes necessary. An example of the impact of
such energy-hungry operations is plotted in Fig. 12. In this
case a complete erase of a memory segment is performed2 s
after the node is activated at every cycle, and it is possible
to notice that the level of the stored energy (VCAP ) decreases
substantially.

VI. EXPERIMENTAL RESULTS

Fig. 13 shows the variation of the buffer voltage level using
two different values of capacity (220�F and 470�F ). As
depicted, sensor nodes may operate for tens of seconds before
entering theOFF mode.

Increasing the capacity, smoothes the charging and discharg-
ing curves and thePV can operate longer time close toVMP P ,
performing higher ef�ciency.

Measurements under different light conditions are also
performed. In particular, since our purpose is to maximize the
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Fig. 13. Variation of the energy buffer voltage using different capacity.

ef�ciency in low-irradiance condition, we tested the behavior
of the systems using indoor light. We adopted a60 W bulb
lamp varying the distance to the system. Fig. 14 depicts how
the intervals length of the two states, assumed by the sensor
node, change under the variation of the intensity. Moving the
lamp toward the system the intensity of the light increases,
more energy is harnessed with a reduction of theRecovery
Time and an increment of theActivity Time of the node.
When the energy harvested from the environment becomes
enough to perform a complete sustainability theRecovery Time
disappears. In Fig. 14 it is illustrated in the last part of the
chart.
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Powering the system equipped with the ZigBee compliant
transceiver, we can register a similar behavior, assessingthat
the MPP system works also with unexpected peaks of power
consumption. Fig. 15 shows the power trace of the ZigBee
application used for the measurements. After powering the
ZigBee solar node, it starts to search a network (join phase).
It takes 200 ms and the power consumption increases up
to 87 mW . The sensor node attempts the connection up to
three times, before the coordinator of the network assigns
a short address to the node. Once joined, we perform an
uninterrupted data transmission in order to stress the system
with the maximum power consumption. Fig. 16 shows how the
ZigBee sensor node behaves using the proposed scavenging
system as power supplier. It alternates intervals of activity with
intervals where the node is switched in low-power mode. After
any recovering phase, the sensor node repeats a join-request
for a reconnection to the network (taking again600 ms),
before performing the �rst transmission. The minimum energy
required by this initialization phase is around60 mJ . To this
purpose the systems switches automatically to higher values
of energy buffer.
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A. Ef�ciency

Measurements are performed to evaluate the power con-
sumption of the scavenging system and to �nd out the
ef�ciency in different scenarios. We used an outdoor sce-
nario (about100 mW=cm2), an indoor scenario where the
scavenger was solely irradiated by arti�cial light (less then
200 �W=cm 2), and a mixed scenario where the scavenger
were deployed indoor close to a window with the contribution
of external light (about10 mW=cm2).

Since in our system the energy harvested is not stored for
long term operation but it is quickly used by the sensor node,
we de�ne ef�ciency as follow:

� =
Psensor node

PMP P
(5)

PMP P = VMP P � I MP P (6)

WherePMP P is the maximum power that thePV modules
can deliver at the given irradiance, andPsensor node is the
average of the power consumed by the sensor node during a
complete cycle (ACTIVE mode +OFF mode ). Using this
de�nition only scavengers that work always on the correct
MPP can achieve ef�ciency close to 100% and losses are
only caused by power dissipation of system components. The
objective of� solar harvested sensors, presented in this work, is
to maximize the conversion ef�ciency in condition of scarce
environmental energy. The measured performances for each
proposed situation are shown in Fig. 17.

0 20 40 60 80 100

Outdoor

Indoor close
to windows

Indoor

 Harvester eff iciency [%]

Fig. 17. Power ef�ciency of the� solar scavenger.

As the system does not perform a tracking of theMPP, and
we �xed the triggering thresholds to optimize the conversion in
condition of poor irradiance, the ef�ciency increases withthe
decrement of the environmental power density. The compara-
tors used to trigger the sensor modes consumes an average
current of 2�A that is negligible in condition of outdoor
irradiance, but can affect the ef�ciency in indoor deployment.

VII. C ONCLUSION

An exploration of solar energy harvesting circuits, exploi-
ting miniaturizedPV modules, has been proposed. The power
provided by this small solar cell is not always enough to
track the MPP, so other techniques to get high ef�ciency
from the power harvesting should be adopted. We focused
on maximizing the conversion when the environmental energy
is poor (e.g. cloudy days, indoor deployment) using a method
that can be easily integrated on chip. The adopted sensor nodes
have ultra-low power features and we exploited the wide range
of the supported voltage supply to operate close toVMP P .
Experimental results show that the sustainability of sensor
nodes in low irradiance condition is also possible, allowing full
functionality also for wireless nodes which adopt the ZigBee
protocol.
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