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Abstract—In this paper we present an integrated solar energy
scavenger realized in a 0.35 µm CMOS technology. The proposed
system collects solar energy from the environment through
integrated diodes, accumulates it and, delivers it to the load
when it is enough to allow proper operation of the CMOS
circuitry. The proposed system is suitable for discrete-time regime
applications, such as sensor network nodes or, generally, systems
that require power supply periodically for short time slots. In
order to properly design the system, we developed a model of the
integrated solar cell on the basis of measurement data extracted
from a test chip. The power management circuit, including a
charge pump a comparator and a linear voltage regulator, has
been extensively simulated.

I. INTRODUCTION

Since a solar energy scavenger is intrinsically a discrete-
time power source, which varies with the environmental con-
ditions, photovoltaic systems need an energy storage device
and a power management system [1]. Fortunately, many
applications, such as sensor network nodes [2]–[5] or, in
general wireless embedded systems [6], [7] that operate in
descrete-time regime, consume power only during short time-
slots [8]. In the system presented in this paper, an integrated
miniaturized solar cell is used as energy source and a power
management system has been developped [7], to handle the
collected energy. The block diagram of the system is shown
in Fig. 1, where a generic sensor system has been adopted
as load [9]. The circuit elevates with a charge pump the
voltage produced by the miniaturized solar cell and charges
an external capacitor, in order to supply with 3.3 V through
a linear voltage regulator (LDO) the load for a given time-
slot, in asynchronous discrete-time regime. The time-slots
dedicated to energy accumulation and system operation are
established automatically by the system. With this solution it is
possible, by choosing the value of the capacitance, to trade the
amount of power available for the load with the time required
to accumulate it, thus allowing to supply the load for the
required time-slot with the required current with a given duty-
cycle. The proposed power management circuit consists of an
hysteresis comparator and an unbalanced inverter, that controls
a switch to connect the load to the storage capacitance. The
comparator monitors the charge voltage on the storage capac-
itor. When the stored charge is sufficient to reach a voltage
equal to 4.3 V the comparator provides a signal that, by means
of the unbalanced inverter, connects the LDO to the supply
voltage (i. e. the storage capacitor), thus supplying the load.
When the voltage on the storage capacitor decreases below
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Fig. 1. Block diagram of the proposed system

3.8 V, the LDO is disconnected and the load switched off. In
Section II we present the solar source characterization, based
on the experimental results obtained from a test chip including
several miniaturized solar cells. These results are fundamental
for the design of the subsequent power management system.
In Section III we describe the charge pump used to elevate
the solar cell voltage to a usable value, while Section IV
and Section V present the power management system and the
LDO, respectively. Finally, in Section VI we derive the criteria
for the choice of the value of the storage capacitance.

II. MINIATURIZED SOLAR CELL

In order to create a reliable circuit model of the miniaturized
solar cell, to be used in the simulation environment for
designing the power management system, several cells [10]
have been implemented on a test chip in a 0.35 µm CMOS
technology. In particular several photodiodes [11], [12], with
different dimension of the n-well and different geometry of
the p-diffusions, has been realized. Fig. 2 shows the different
geometries, while Tab. II summarizes the dimensions and the
equivalent active area for each structure. The equivalent circuit
model for each solar cell consists of a couple of pn-junctions.
As each solar cell must be used as supply harvesting source
for an integrated microsystem realized on the same silicon
substrate, it is not possible to exploit the photo-generated
power of the deeper junction, since this would imply direct
biasing of the junction between n-well and substrate, leading
to a negative voltage at the n-well terminal with respect to
the substrate. Furthermore, the cells cannot be connected in
series, because the different cells share the same substrate.
Fig. 3 shows the output power of the most efficient structure
(structure B), in terms of p-diffusion geometry, obtained
with 300 W/mm2 illumination. The efficiency of the cell is
unfortunately reduced by the recombination effect in the base
of the parasitic PNP vertical transistor when the junction
between n-well and substrate is short-circuited. This curve
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Structure D = 0.25mm X 0.25mm
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Fig. 2. Geometries of the cells implemented of the test chip
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Fig. 3. Measured output power of the most efficient cell, obtained with
300 W/mm2 illumination

have been used to dimension the solar cell circuit model used
for simulation shown in Fig. 4. In particular, we developed a
Matlab algorithm wich needs only five measured values of the
output power to find the appropriate model parameters. The
algorithm provides the following result:

• Iph = 12.28 µA;
• AD = 100 µm2;
• PD = 40 µm;
• Rsh = 40 kΩ;
• Rs = 2.27 kΩ.

III. RING OSCILLATOR AND CHARGE PUMP

The ring oscillator and the charge pump shown in Fig. 5
represent the front-end block of the power management circuit.
In order to allow the voltage across the storage capacitor
to reach at least 4 V, a Dickson charge pump [13] has
been implemented. The circuit requires two non-overlapping
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Fig. 4. Solar cell circuit model

TABLE I
SOLAR CELL STRUCTURES

Type
Harvester Harvester Parasitic Parasitic

Area Perimeter Area Perimeter
[mm2] [mm] [mm2] [mm]

A 24.39 642.5 1 4
B 0.29 827.8 2 5.6
C 0.072 207.4 0.5 2.9
D 0.18 47.1 0.06 1
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Fig. 5. Schematic of the ring oscillator and of the charge pump

clock phases, ph and ph, with amplitude equal to the voltage
produced by the micro solar cell Vph. The charge pump
operates by moving charge along the diode chain, charging
the capacitors to increasing voltages. The charge pump has
been designed to obtained a voltage of 5 V, starting from
Vph
∼= 500 mV, thus requiring 12 stages. A three stage ring

oscillator provides the clock phases for the charge pump with
a frequency equal to 29.5 kHz, which correspond to the best
trade-off between time required to charge Cc and the charge
tranfer rate. The perfomance of the system is limited by the
sypply voltage, which is equal to the open-circuit voltage Vph

of the integrated micro solar cell, that forces all transistors to
work in the sub-threshold region. Such a system provides a
very low current flow throught each transistor, introducing an
efficiency loss in terms of charge transfer, and hence, in terms
of charging time. In order to provide a constant voltage of
3.3 V to the load with a significant current for an estabilished
time slot, a storage capacitor is necessary. Therefore, the
proposed system is only suitable for loads operated in discrete-
time regime, such as sensor network nodes.

IV. POWER MANAGEMENT CIRCUIT

In order to control the voltage across the storage capacitor
and hence the stored energy, we developed a power manage-
ment circuit, which consists of an hysteresis comparator and
an unbalanced inverter, as shown in Fig. 6. The management
circuit provides a control signal to a switch, which connects
the load to the storage capacitor when the voltage across the
storage capacitor reaches 4.3 V and disconnects the load when
it becomes lower than 3.8 V. In order to avoid discharging
the storage capacitor, the comparator is supplied directly by
an auxiliary solar cell, while the inverter is connected to the
storage capacitor voltage. The total power consumtpion of
the management block is less than 10 nA when the load is
disconnected.

A. Hysteresis Comparator

The hysteresis comparator, whose schematic is shown in
Fig. 6, is similar to a mirrored operational amplifier, but we
added transistors M4 and M5 to obtain a positive feedback
loop, which boosts the response time and introduces the hys-
teresis. This allows to reduce the power consumption during
the commutations. Hysteresis in the comparator is needed
to avoid continuous commutations of the output when the
input voltage is close to the reference voltage. We decided
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Fig. 6. Schematic of the hysteresis comparator
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Fig. 7. Simulated comparator response

to use an independent auxiliary solar cell for supplying the
comparator, since the main solar cell voltage is affected by
the oscillator kick-back. Usually a comparator would need a
threshold voltage connected at the gate of M1, but, in this case,
the generation of a threshold voltage from the storage capacitor
voltage or from the auxiliary solar cell voltage, would consume
too much power. Therefore, we connected directly the photo-
generated voltage of the auxiliary solar cell to the gate of M1

and we unbalanced the comparator input stage, according to

(W6/L6)
(W5/L5)

= 10
(W3/L3)
(W4/L4)

, (1)

thus leading to an equivalent threshold voltage Vth lower than
the supply voltage.

The response of the comparator is shown in Fig. 7. The
total power consumption of the comparator during the charging
process is about 5 pW, thus requiring a small area for the
auxiliary solar cell.

B. Unbalanced Inverter

The unbalanced inverter, whose schematic is also shown in
Fig. 6, features a p-channel transistor M8 much longer, and
hence more resistive, than the n-channel transistor M7. The
degeneration resistor helps to reduce the threshold voltage. In
particular the unbalanced inverter has been designed to have a
Vth = 390 mV. This solution reduces the power consumption
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Fig. 8. Schematic of the linear voltage regulator

of the inverter when the input is low (i. e. while charging
the storage capacitor). During the charging period, the output
voltage of the inverter follows the storage capacitor voltage,
turning off the p-channel MOS transistor used as a switch to
connect the load to the storage capacitor, thus avoiding any
loss of charge. The current consumption of the inverter during
the charging process is less than 5 nA.

V. VOLTAGE REGULATOR

In order to provide a fixed 3.3 V supply to the actual load,
a linear voltage regulator (LDO) has been implemented. It
consists of a a bangap circuit and a regulator circuit. This block
is supplied when the storage capacitor has reached the proper
voltage. Fig. 8 shows the schematic of the voltage regulator.
The total current consumption of the circuit is less than 2 µA.

A. Bandgap Circuit

The band-gap circuit provides a stable voltage reference
(Vbg) as reference input of the LDO. It operates compensating
the negative temperature coifficient of a pn-junction voltage
Vbe, with the positive temperature coefficient of the thermal
voltage VT . The output voltage of the circuit is

Vbg = Vbe + mVT , (2)

where m depends on the bandgap circuit topology. With the
topology used, m coefficient is given by

m =
R2

R1
ln

[
(W1/L1)
(W2/L2)

A2

A1

]
. (3)

Even if the supply voltage follows the discharge curve of the
storage capacitor, the Vbg remains constant.

B. LDO

The LDO provides a stable 3.3 V supply voltage with an
input voltage ranging from 3.3 V to 4.8 V, allowing the actual
load to operate properly. In particular, the output voltage is
given by

Vref = Vbg
R4 + R5

R4
. (4)

Simulation results demostrate that the output voltage has a
maximum error of 0.3% over the whole input voltage range,
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Fig. 9. Simulation of the current flowing through the storage capacitor
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Fig. 10. Simulation of the voltage across the storage capacitor

although, in order to reduce the power dissipation, R4 and R5

are in the MΩ range. The total current consumption is about
1 µA.

VI. STORAGE CAPACITOR SIZING

The storage capacitor is an external component, and, hence,
its value can be chosen on the basis of the actual load power
consumption. In particular, the charge trasfer rate of the charge
pump in the range from 3.8 V to 4.3 V is less than 10 nA.
Most of efficiency is lost in the charge pump, but this is
not particulary important, because the system is able to store
energy and provide it to the actual load only when it is enough
allow proper operation in an estabilished time-slot. Fig. 9
shows the current in a 10 nF storage capacitor during the
charge process and when the load is connected. The storage
capacitor voltage working cycle is shown in Fig. 10. If the load
would require longer working time it is enought to use a larger
storage capacitor, leading to a lower duty cycle. In particular
the charging time is proportional to the current Iload that the
load needs for a time-slot tw.

VII. CONCLUSIONS

In this paper a 0.35 µm CMOS solar energy scavenging
system has been presented. The entire system is suitable
for discrete-time regime applications, such as sensor network

nodes or, generally, systems that require power supply pe-
riodically for short time slots. A power management circuit
has been implemented, to monitor the charging process of an
energy storage device and connect the actual load only when
the stored energy is sufficient to supply the load for a given
time. The system has been extensively simulated to validate
the proposed approach.
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