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Abstract

In this dissertation an energy harvesting system using a solar panel is presented. A solar cell is
used to absorb energy from light, and is optimized by a Maximum Power Point Tracker (MPPT). The
circuit designed changes the frequency of the solar cell load, the Charge Pump, in such a way that the
voltage obtained at the cell correspond to the Maximum Power Point (MPP). The Charge- Pump is
used to boost the voltage that the cell can provide, as its value is small and insufficient to power the
target circuits. In order to obtain a fully integrated Charge Pump with small area the circuit must be
fully implemented with transistors. This condition is applicable, beside the switches, to the capacitors,
which are essential to charge pump operations. Capacitors must then be implemented by either NMOS
or PMOS transistors. On the other hand, there is a problem associated with MOS capacitors that is
its significant parasitic capacitance when compared with regular capacitors. To attenuate this problem,
two methods were implemented, the insertion of a resistance in series with the parasitic capacitance
and the charge reusing. By simulating the Charge Pump it was concluded that PMOS capacitors allow
to obtain better efficiencies for the same area, 63.3% against 48.3% obtainable with NMOS capacitors.
The techniques used to decrease the parasitic capacitance revealed very useful as they could improve
the previous results to 66.7% using 1M series resistance and 68.3% with charge reusin
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1. Introduction
This dissertation is based on energy harvesting that
is defined as the process by which energy is obtained
from the surrounding environment to make small
autonomous devices.

This subject is very actual and has been increas-
ingly used in a wide range of implementations. This
increase relates with the possibility of operation
without the connection to the power grid, allow-
ing the devices to require low levels of maintenance
without the necessity to worry about the energy
source.

The problem associated with energy harvesting
is the low level of energy density, that require that,
the circuits that use this technology use a DC-DC
step-up converter as well.

In short this theme is becoming more relevant
with the rising importance of renewable energy and
it deserves a careful inspection and a profound
study in order to discover the best way to imple-
ment the system with an efficiency and a behaviour
as good as possible.

2. Background
2.1. Background Energy Harvesting
Energy harvesting, also known as power harvesting,
energy scavenging or ambient power, is the process

by which energy is derived from external sources,
captured, and stored for small, wireless autonomous
devices.

The environment provides various sources of en-
ergy to be harvested. The preferable energy source
for an application is the more abundant one in the
location of use.

The most common sources to be harvested are:

• Mechanical

• Thermal

• Light

Mechanical

Nature puts at our disposal many different sources
of mechanical energy such as steady-state source,
intermittent source and vibration. Everything that
moves produces energy that can be gathered. Wind,
waves, or any type of motion produces a consider-
able amount of energy that can be used in electronic
circuits.

Mechanical sources can be divided in three big
categories. The first is Piezoelectric conversion that
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converts mechanical energy from pressure, vibra-
tions or force into electricity. Another type of con-
version is the electrostatic that for example can con-
sist on a variable plate capacitor. Vibrations sepa-
rate the plates of an initially charged variable capac-
itor, also known as varactor, and mechanical energy
is converted into electrical energy. Finally there is
the electromagnetic conversion that uses the prin-
ciple of electromagnetic induction that is defined as
as the process of generating voltage in a conductor
by changing the magnetic field around it [8][5].

Thermal

There are some situations where temperature may
be the best source to obtain energy due to its abun-
dance. Examples of some situations where there is
this very strong presence are furnaces or exhaust
pipes.

Some advantages of this source is that thermo-
electric generators(TEG) require low levels of main-
tenance and human intervention during their life-
time, also they have a high reliability and emit little
noise as they have no moving parts. The disadvan-
tages related with this source are the low efficiency,
only between 5% and 6%[23].

Light

Light correspond to an electromagnetic wave with
the particularity of being visible. The frequencies
in the electromagnetic spectrum that comprises the
visible light are displayed in figure 1.

Figure 1: electromagnetic spectrum[18]

In order to capture this type of energy solar cells
are used.

Solar energy is, without a doubt, the most abun-
dant energy available on earth leading to great val-
ues of energy density. Beside solar, also indoor light
produces, although in a much smaller scale, energy
that can be harvested.

Although many others are being studied in order
to improve their efficiency, this is the source that
has more developed transducers and that presents
the best results so it will be the one harvest in this
project[5][13][33].

2.2. Solar Cell

The importance of this technologies relates with its
environment friendly way and with the fact that
it can be used to power circuits on locations that
are difficult to access and were there is no available
power grid.

These cells are constituted by a p-n junction. The
substrate is built with a p-type silicon lightly doped
with boron. On top there is a n-type silicon, very
thin and highly doped with phosphorus of a much
higher concentration, that allows light to enter the
p-n junction with little attenuation, yet with a con-
duction value that allows it to collect the current to
the contact as represented in figure 2.

Figure 2: solar cell[2]

Types of cells

Solar cells are divided by generations and there are
three of them. Each of them is also divided in dif-
ferent techniques.

The first generation of cells is composed by crys-
talline silicon structures. Although being are the
oldest, this technology is not obsolete as these cells
have been developed over time in order to improve
their performance.

The second generation is characterized by hav-
ing one single junction and allows to optimize ma-
terial usage while maintaining the good values of
efficiency.

Third generation cells are still under a lot of re-
search. In this technology double or triple junctions
are used.

The two parameters that matter the most, when
comparing solar cells, are efficiency and cost. The
relation between this two parameters for the three
types of cells is represented in figure 3[34].

Figure 3: Cells technology comparison[7][20]
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MPPT

In order to obtain, from photovoltaic cells, as much
power as they can provide, a circuit with a Max-
imum Power Point Tracking (MPPT) technique
must be used. Circuits like these, continually track
the maximum power point (MPP) the cell can pro-
vide and they are very important to improve the
performance of the circuit, in fact, using this tech-
nique can result in an increased gathered energy
from 60% to 90%[5].

2.3. Charge pump

A charge pump belongs to a bigger class of circuits
called DC-DC converters which are essential for en-
ergy harvest systems.They are required since the
energy obtained from ambient sources can’t be di-
rectly applied to supply electronic circuits due to,
among other reasons, the insufficient or unstable
voltage or current, that can damage or can not guar-
antee the good operation of the circuits.

In this work, as the supply voltage in the present
case case is always smaller than the one wanted
to power the circuit a DC-DC step up converter
is used.

A voltage converter is a variable structure sys-
tem as its structure changes according to the state
of the switches. In this circuits there are two types
of capacitors, flying capacitors and the output ca-
pacitor. The flying capacitors change their node
connections according to the state of the switches,
thus transferring the charge between them and the
output capacitor. An example can be seen in figure
4.

Figure 4: Charge Pump example[30]

There are various topologies of charge pump cir-
cuits as Dickson topology or the Fibonacci topol-
ogy, between others. Yet, considering carefully all
topologies, the one that shows the best relation
between performance and voltage elevation is the
Parallel-Series. Also for having the simplest be-
haviour, leading to an easier evaluation, this will
be the topology used in this dissertation[3][4].

2.4. Energy storing

Energy storing is a key element of this project as
the energy gathered from the environment is not
enough to power the final circuit at all times, it is
necessary to store it in order to be finally delivered
to the load.

Rechargeable batteries

A rechargeable battery, also known as secondary
cell or accumulator, is a storage cell that can be
charged and discharged multiple times. Energy is
accumulated by electrochemical reaction and can
be discharged by reversing the same. This type
of batteries have a bigger initial cost than non-
rechargeable batteries, also known as primary cells,
but have a smaller total cost because they can be
used multiple times. The lifetime of rechargeable
batteries is related to the number of times they are
charged and discharged and it is important to min-
imize as much as possible the number of this cycles,
in order to enlarge the time a battery can operate.
For this reason newer batteries have been studied
and designed to discharge much slower than older
ones[41].

Supercapacitors

One alternative solution for the energy storing prob-
lem is the use of supercapacitors. Supercapacitors
use a high surface area electrode materials and thin
electrolytic dielectrics to achieve high capacitance
values, much bigger than conventional capacitors.

Supercapacitors can be divided in three big
groups.

Electrochemical double-layer capacitors (EDLCs)
are constructed from two carbon-based electrodes,
an electrolyte, and a separator. In this capacitors,
an electrochemical double-layer of charge is used to
store energy. When a voltage is applied, the ions
on the electrolyte get attracted into the pores of
the electrode of opposite charge. The double layer
that is introduced in the capacitor result in an in-
crease in surface area and a decrease in the distance
between plates resulting in a higher energy density
than regular capacitors.

Pseudocapacitors store charge Faradaically, this
means that charges are changed between elec-
trode and electrolyte. Pseudocapacitors are able
to achieve higher values of capacitance and energy
density.

To obtain the best of each technology hybrid
supercapacitors, composed by EDLCs mixed with
Pseudocapacitors, are being used. This Hybrid
capacitors store charge both electrostatically and
Faradaically and show better results regarding en-
ergy and power density without sacrificing stability
and cost[26].

3. Implementation

The information available in the chapters above will
now be useful to develop the whole system, that will
be composed by four main parts, all of them ap-
proached in the background chapters of this work.

3



Figure 5: Total circuit scheme

As figure 5 shows, the four main components of
the system are the PV cell and the MPPT, the
charge pump, the supercapacitor. The technologies
and devices to be used as well as the changes that
can be made to improve the efficiency of the system
will now be studied.

3.1. Charge pump implementation

The circuit that was implemented was the Parallel-
Series topology with five flying capacitors. This
number of flying capacitors was chosen because it
allows to achieving the requirements without mak-
ing the circuit too big or too complex. The charge
pump is meant to work with a frequency of 32KHz
and it is expected to deliver a voltage of at least 3V
with a load current of 1µA4.

Next the analytical model for the charge pump
with one flying capacitor is presented

VinC1+V
[k]
outCout = (V

[k+1]
out −Vin)C1+VoutCout (1)

Using r = C1

Cout+C1
we get:

Vout = (1 − r)V
[k]
out + 2rVin (2)

This can be generalized and we can conclude that
with n number of flying capacitors:

Vout
Vin

= n+ 1 (3)

efficiency

Capacitors are ruled by equations:

Q =
I

f
(4)

C =
∆Q

∆V
(5)

Manipulating the equations above and the speci-
fications required we can conclude that:

C =
Nµ

32k × Vmax(1 − η)
(6)

The graph corresponding to equation 6 is shown
in figure 3.1.

Figure 6: Efficiency variation with the capacitors
used

By observation of figure 3.1 we can see that for
low efficiency values, to improve it is possible by
a small increase in the capacitance value However,
when the efficiency is high to improve it we will need
a much higher capacitance step. For this reason, the
capacitance to be used will have the value of 0.25nF
as this value allows an acceptable efficiency without
the need of too large capacitors.

Switches implementation

The simulation using only ideal components is made
to verify the behaviour of the circuit as well as to
confirm that the previous model matches the simu-
lation results of the circuit. Then, the ideal devices
are replaced one by one by realistic model devices
that include all relevant parasitics.

The first thing to be changed, to include realistic
parasitics, are the switches. The switches can be of
two types NMOS or PMOS.

The switch ideally acts as a short circuit or an
open circuit between the drain and source of the
transistors according to the control signal of the
gate. In NMOS switches, when the control volt-
age is low, the switch acts as an open circuit and
when the control circuit is high the switch acts a
small resistance, while in PMOS transistors, when
the control voltage is low, the switch acts as a small
resistance and when the control voltage is high the
switch acts nearly as an open circuit as represented
in figure

Figure 7: NMOS and PMOS Switches[32]

MOS Capacitors

Finally, in order to get a completely integrable cir-
cuit, the capacitors should also be implemented
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with devices from the target technology. The ca-
pacitors can be implemented by using MIMCAPS
or they can be made using transistors, either NMOS
or PMOS.

MIMCAPS are made up of two closely spaced
layers of metal and are available in the technology,
UMC130 in this case. This type of capacitors are
widely used due to the precision and reproducibility
they show, yet they require a much larger area than
it is intended to use in this project. In order to
get the capacitance value of 0.25nF each capacitor
should have an area of 0.25mm2 what would result
in a circuit too big, and for this reason MIMCAPS
are ruled out.

The final solution is then to use MOS capacitors
that can be made out of NMOS or PMOS transis-
tors.

To size the values of the transistor that will func-
tion as capacitors we must take into account equa-
tion 7 where C is the final Capacitance of the tran-
sistor, Cox is the oxide capacitance, 14fF/µ2 for
this technology, and W and L are the dimensions of
the transistor.

C = WLCox (7)

In order to get a capacitance of 250pF we will
need a value of W ×L approximately of 20000µm2.
Even with this value, the capacitance obtained is
not as big as intended due to the effect of parasitic
capacitances.

An image of both NMOS and PMOS capacitors
can be seen in 8. As we can see the effect of the N-
well in PMOS Capacitors is simulated with the use
of the n-well diode. This diode has the appropriate
area to simulate the behaviour of a N-well.

(a) NMOS Capaci-
tor

(b) PMOS Capacitor

Figure 8: MOS capacitors

Methods to improve efficiency

MOS Capacitors, although allowing good values of
capacitance without occupying a very large area,
show low efficiencies that can be improved by the
use of some methods. In this work two methods
with this purpose will be evaluated. The first con-
sists in increasing the resistance in series with the

parasitic capacitance and the second uses charge
reusing.

By increasing the resistance value connected with
the parasitic capacitance it may be possible to im-
prove efficiency. If the resistance value is big enough
to command the value of the impedance of the con-
nection, the losses by the parasitic capacitances will
decrease drastically and the efficiency will greatly
improve. To enlarge this resistance value a deep N-
well between the transistor and their connection to
ground is created. This well works as a resistance
and, if big enough, can make this method important
in order to obtain better results. Schematically this
can be seen in figure 9

(a) Deep N-Well resistance method in NMOS Ca-
pacitor

(b) Deep N-Well resistance method in PMOS Ca-
pacitor

Figure 9: Deep N-Well resistance method

When using this method the value of the resis-
tance we obtain can be too small to be proved effi-
cient. If this is the case it may be necessary to add
the resistance explicitly.

Another possibility to reduce the large values of
parasitic capacitance MOS capacitors have, can be
the use a technique called charge reusing. This
method consist on splitting the original capacitance
and duplicating the rest of the circuit. It requires
the insertion of a new phase between the other
two traditional phases, characteristic of the origi-
nal Charge Pump circuit. In this new phase, the
bottom plate of both halves of the split capacitance
are connected together.

Using charge reusing, in one phase we have half
the circuit charging its capacitors while the other
half is discharging to the output capacitor. This
behaviour changes totally in the third phase, where
the half circuit that was charging is now discharging
and the half that was discharging is now charging.

In the intermediate phase the parasitic capaci-
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tances are connected in parallel resulting in a charge
distribution between the two of them. Because we
have one parasitic capacitance charged to Vin and
the other fully discharged when they are connected
the charge is divided equally between them and each
capacitor will now be charged to Vin

2 . With this on
the next phase the parasitic capacitance will already
be half-charged, requiring only half of the charge
from the input than what was initially needed.

3.2. MPPT implementation
the Fractional Voc Method will be used to imple-
ment the MPPT it. This method will be used due to
its simplicity and inexpensive requirements of hard-
ware and consequentially the low energy consump-
tion. It explores the intrinsic characteristics of the
cell to get a power as good as it can deliver. The
downside of this method is the requirement of an
extra PV cell.

The maximum power from a solar cell can be ob-
tained when it operates at VMPP . VOC is the max-
imum voltage that a cell can provide and they are
related by:

VMPP = kVOC (8)

In this technique the value of k is chosen before-
hand and it is set by using a voltage divider from the
VOC obtained from the extra solar cell required. k
values are usually between 0.71 and 0.78 [5].

The MPPT is obtained by altering the load resis-
tance of the cell so that VMPP can be achieved.
This is done by adjusting the clock resulting in
an increase or decrease in the Charge Pump im-
pedence.

In order to implement the MPPT as well as to
generate the phases necessary for the Charge Pump
circuit an asynchronous state machine (ASM) cir-
cuit is used. This circuit will dynamically and au-
tomatically adjust the frequency in order to obtain
the MPPT of the solar cell. The diagram represent-
ing the ASM functioning is represented in figure 10,
where Vmosa represents the voltage across the top
half capacitors of the charge pump, Vmosb the volt-
age across the bottom half ones and Vb the value
this capacitors should be charged before a change
in phases occurs.

Figure 10: Asynchronous state machine diagram

As it can be seen in the diagram in figure 10 there
are 4 states in this circuit. The circuit starts in state
1 corresponding to φ1 and to evolve to state 2, cor-
responding to the first φ2, there are a couple of re-

quirements that must be fulfilled. The first require-
ment is that the voltage in the MOS capacitors cor-
respondent to the half circuit being charged, Vmosa,
must be bigger than Vb, that corresponds to a frac-
tion of the Voltage provided by the cell, and that
we want to guarantee the capacitors are charged to.
The second requirement forces the voltage provided
by the cell to be higher than VMPP , thus enforc-
ing the MPPT algorithm. The change from state 2
to state 3, corresponding to φ3, is done automati-
cally without the demand of any special condition.
From state 3 to state 4, corresponding to the second
φ2, it is demanded that a condition similar to the
first one from state 1 to state 2 but, in this case,
is the MOS capacitors corresponding to the other
half of the circuit, Vmosb. Finally from state 4, and
once again with no special requirements, the circuit
returns to state 1, repeating the process.

This circuit uses a delay to guarantee a minimum
duration for each phase. This condition is especially
important when dealing with phase 2 as this is the
only condition for its duration. This circuit also
requires a comparator to compare the voltage re-
quired in each state

4. Results

In this chapter the results of the final circuits are
evaluated as well as the improvements that can be
obtained from the techniques approached in the pre-
vious chapter.

4.1. MPPT results

After an individual evaluation of each component
and the guarantee that they, alone, all work as
intended is now necessary to join them all in the
MPTT circuit. The first condition that needs to be
verified and that implements the correct function
of the MPPT is that the circuit only starts work-
ing when the voltage provided by the cell is VMPP
thus allowing to drain a power very close to the
maximum the cell can provide. This circuit is also
designed to produce the phases that are going to
command the Charge Pump.

Phase φ2 is only influenced by the delay circuit
and has no other special condition to change to the
next Phase. The same is not true for the other
two phases as they also depend on the charging
condition of the Charge Pump circuit. The Phase
φ1 influenced by the capacitors on the top half of
the Charge Pump (Vmosa in figure 4.1) and phase
φ3 by the bottom half transistors (Vmosb in fig-
ure 4.1). For this example it was required that the
capacitors would charge to at least 70% of the volt-
age provided by the cell (Vb). As we have assumed
a voltage provided of 1V would result in a value for
Vmosa or Vmosb of 0.7 V, value in which, there is
phase swap, as can be verified in figure 4.1.
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Figure 11: MPPT simulation

4.2. Charge Pump implementation
As explained in the previous chapter, the first thing
to do is to test the circuit using only ideal compo-
nents. The results can be seen in figure 4.2. In
this case the result is expected to be very near
the optimal one as the losses are minimal due to
the fact that components are ideal. As it was also
mentioned, 0.25nF capacitors are to be used, cor-
responding to nearly 87% efficiency, and with a 1V
input this corresponds to 5.2V output. The simu-
lation for this case is, as expected, very near the
ideal case. In the graph we can also see that, as the
circuit is only composed by ideal components, the
output rises almost immediately to the final value

Figure 12: Charge Pump with ideal components
simulation

The next step is to change the ideal switches to
MOS switches. By doing this we expect to intro-
duce some losses due to the parasitic capacitance of
the switches and their resistances. The results for
this particular case can be seen in figure 4.2.

Figure 13: Charge Pump with MOS switches simu-
lation

In the image above we can see that there
are losses of nearly 1V, introduced by the MOS
switches, when comparing to the last case.

The final step is to change the capacitors to ei-
ther NMOS or PMOS capacitors and evaluate some

methods to improve the efficiency. The simulation
using NMOS capacitors can be seen in figure 4.2
and using PMOS capacitors can be seen in figure
4.2.

Figure 14: Charge Pump with NMOS capacitors
simulation

Figure 15: Charge Pump with PMOS capacitors
simulation

Comparing the two cases we can see that the ca-
pacitors using PMOS transistors show better results
than NMOS because, with the same size and forced
to deliver the same current, PMOS transistors are
able to achieve higher output voltages.

Finally it is important to improve as much as pos-
sible the efficiency of the circuit without enlarging
the area too much. In order to do this two methods
will be evaluated in this work, the first consist in
increasing the resistance in series with the parasitic
capacitance.

R V[V] η VR − VR0 [V] ηR − ηR0

0 2.9 48.3% - -
100k 2.9 48.3% 0 0
250k 3.1 52.2% 0.2 3.3%
400k 3.5 58.3% 0.6 10%
500k 3,7 60.8% 0.8 13.3%
750k 3.9 64.3% 1 16.7%
1M 4 66.7% 1.1 18.3%
10M 4.3 71.8% 1.4 23.3%

Table 1: Results for a Charge Pump with NMOS
Capacitor and different resistances
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R [Ω] V[V] η VR − VR0 [V] ηR − ηR0

0 3.8 63.3% - -
500k 3.8 63.3% 0 0
1M 4 66.7% 0.2 3.3%
2M 4.1 68.3% 0.3 5%
5M 4.2 70% 0.4 6.6%
10M 4.3 71.8% 0.5 8.3%

Table 2: Results for a Charge Pump with PMOS
Capacitor and different resistances

Tables 4.2 and 4.2 show the results of this method
to NMOS and PMOS capacitors respectively. Con-
sidering the second one, as PMOS have already
shown better results before the method, we can in-
fer that to obtain an improvement in efficiency it is
required a resistance of about 1MΩ. This value can
not be obtained with the use of layout techniques
as was intended and so in order to use this method
a resistance must be added.

There is still one final method to consider that
consists in charge reusing, and can be applicable in
both NMOS and PMOS capacitors.

V [V] η VCR − V0 ηCR − η0
NMOS 3.4 55% 0.5V 8.3%
PMOS 4.1 68.3% 0.3V 5%

Table 3: MOS capacitors with charge reusing tech-
nique

In this method there is an increase in area oc-
cupied by the circuit as it is doubled but, as the
capacitors are divided to half their size they don’t
contribute to this increase and because they occupy
alone 99.9% of the circuit area, the increase will
be minimal. Thus the improvement that can come
from this method is good and without significant
drawback leads to the use of it.

As shown at table 4.2 both NMOS and PMOS
capacitors benefit from the method. The improve-
ment in NMOS capacitor is bigger because parasitic
capacitances play a bigger role in this case. Yet
the most important case is for the PMOS capaci-
tors, and for them we obtain an efficiency 5% higher
when using charge reusing. This result is very sat-
isfying and makes out of this method a good way
to improve charge pump’s behaviour.

5. Conclusions
In this thesis the most important objective was to
design a Charge Pump supplied by a solar cell.

To implement it, a review of the essential com-
ponents in an energy harvest system was firstly
done.The most relevant energy sources available
to harvest were presented, with a special focus on
light, the one to be used in this project. Nest the
solar cell was studied, device used to gather solar

energy as well as the MPPT circuit, that is used to
obtain the maximum power from the solar cell. Af-
ter gathering the energy, it is time to convert it so
it can be used to power other circuits, reason why,a
study on Charge Pumps was presented. The final
overview that was done targeted storage energy as
otherwise it would not be available when needed to
power the circuits.

After reviewing all these modules it was time to
implement the system. It was evaluated the im-
plementation of the modules individually and as a
whole that are required for the MPPT circuit as well
as the Charge Pump circuit in his different stages,
from the ideal components to the integrable circuit,
and finally, some methods to improve efficiency.

Finally, the simulation results of the charge pump
are presented, The results are presented for the
ideal circuit as well as for the circuit implemented
with the devices available from the technology UMC
130nm.
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