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ABSTRACT

The composting process is Nature’s way of recycling organic wastes
with a good quality organic fertilizer as a result. This process, though,
needs of a thoroughly monitoring of temperature and humidity
for a good resulting material. During this Ph.D thesis we developed a wireless temperature and humidity autonomous system that
monitored from the inside of compost. The fact of measuring and
transmitting from the inside implies the need of a protection for
the circuit and an issue in the measure. Temperature suffers delays when measuring from the inside of a protection and, as such,
we developed an algorithm, implementable on microcontrollers, to
counteract the effects of first order step responses. Commercial humidity sensors need to be in direct contact with the environment
they are measuring, but that is not possible in compost since they
can get damaged. That is why we designed a humidity sensor based
on coplanar capacitive electrodes that can measure through a protection layer. Compost has never been characterised as a transmission
environment, and as such, communications in compost are innovative. The heterogeneity of the material and its changes in humidity,
temperature and density made the transmission complex. We found
the proper frequency band to commercially work in compost and
the RF transmission model in compost to estimate attenuation vs
distance.
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1

INTRODUCTION

Composting is Nature’s way of recycling and represents a sustainable solution for the treatment of organic waste, whatever its origin.
It is a natural biological process, carried out under controlled aerobic
conditions, whereby various microorganisms, including bacteria and
fungi, break down organic matter into an organic fertilizer. Since
approximately 45 % to 55 % of the waste stream is organic matter,
composting can play a significant role in diverting waste from landfills thereby conserving landfill space and reducing the production
of leachates and methane gas.
The composting process requires of a good previous planing but
also of a right monitoring of the control parameters. Being an aerobic,
bio-oxidative and thermophile process the main parameters that
permit interpreting what is happening are the temperature and the
water evolution. If the initial mix is adequate and it has a correct
humidity and oxygen concentration values, the composting material
heats up as a result of the degradation activity of the microorganisms
working in. As a thermophile process it is mandatory to maintain a
minimal temperature, in order to clean the material, and it is also
mandatory to maintain the temperature level not too high since it
can end up affecting the decomposing microorganisms. Also, water
is essential to sustain microorganisms, although if too much they
die. Therefore, controlling temperature and humidity through time
is a key factor to obtain good results.
Currently there is a lack of thoroughness in the composting process
monitoring. This work aims to develop new proposals in the measure
of temperature and humidity in compost, allowing optimizing the
instrumentation and communication in terms of power consumption,
cost and size. With field tests realized at the composting plant we
will develop some guidelines and proper procedures to optimize the
composting process, in order to increase the quality of the resulting
product.
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1.1

state of the art

Composting plants are the locations where urban organic wastes are
brought, in order to enter into the composting process to produce
organic fertilizers.
Composting (Figure 1) is the biological decomposition and stabilization of organic material through the action of microorganisms
(fungus and bacteria) with the presence of oxygen, and under controlled humidity and temperature conditions. In the first step of the
composting process the organic wastes arrive to the plant and are
prepared in order to be crunched and mixed. Normally, a magnet is
used previously in order to extract possible metals. As follows, the
organic wastes are put into piles, tunnels or matrices and the active
composting stage begins, lasting between 5 and 6 weeks. During
this stage most of the degradable organic matter is decomposed. A
management plan is needed to maintain proper temperature, oxygen
and moisture for the organisms.

Figure 1: Composting process (Source: Composting manual. Alberta government. Canada)

During the composting stage, temperature reaches really high
values due to the microorganism action, but it cannot surpass 70 °C
because microorganisms start dying[1]. The ideal temperature range
during this stage is 54 °C to 60 °C [2], if temperature goes beyond
this range the compost is turned over or aired. During the curing
stage, temperature drops dramatically and thus its monitoring is not
as important (Figure 2).
Decomposition of organic matter needs of a high moisture level
but decreases as the process goes on. During the decomposition
stage (the first 40 days), the acceptable moisture content range goes
from 40 % to 60 % [3] of relative humidity and can reach values of
80 % [4] (Figure 3). If moisture goes bellow this range the compost
pile is wet.

1.1 state of the art

Figure 2: Composting process temperature evolution (extracted from [2])

Figure 3: Composting process humidity evolution (extracted from [3])

After the active composting stage the curing stage follows. In this
stage the microbial activity slows down and as the process nears
completion, the material approaches environment air temperature.
Finished compost takes on many of the characteristics of humus,
the organic fraction of soil. The material will have been reduced in
volume by 20 % to 60 %, in moisture content by 40 % and in weight
by up to 50 % from the original organic matter [5].
The process produces at the end a product that is stable and can
be beneficially applied to the land, and within its duration, heat is
produced. Ideally, composting will enhance the usefulness of organic
by-products as fertilizers, privately and commercially [6].
One could think of it as not only a non harmful way to deal with
organic wastes, but also a way to produce high quality organic
fertilizers. Reality, though, proves to be much less idyllic.
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There are basically two group of individuals in the composting
process: waste producers, responsible for the quality of the input,
and plant workers, responsible for the quality of the output.
The waste producer is everyone of us who separates our day-today wastes. Their failure in their task can decrease the quality of
the resulting compost. Metal is separated from the organic matter
at the beginning of the process, paper is not a big deal since its
decomposition is easy, plastic can damage the compost turner but
it does not usually end in the resulting compost, glass is the big
problem since it can easily avoid the filters of the composting plant
and end up in the resulting compost. Still, these individuals do not
influence in the scope of this scientific work.
The plant workers are in charge of the control of the whole composting process, from its waste obtaining to its compost output. As
said before the monitoring has to be realized during the active decomposition stage of the composting process in order to get a good
quality result and to avoid stink from the process. Although the
main chemical and biological parameters affecting the composting
process are well known, the developed models until now are very
complex [7] and require expensive instrumental systems [8] for its
validation and use. Also, the heterogeneity of the composting material would force having several measuring points. Consequently,
those parameters are measured sporadically or they are not even
measured. Therefore, the decision of activating the compost turner
(in piles) or the air fan (in tunnels) in order to decrease the temperature of the compost results arbitrary or by intuition, and so is
the decision of activating the water sprinkler in order to increase
humidity.
The monitoring ways in composting result very subjective with
the punctual use of sensors with no rigorous guideline regarding
the proper monitoring when using them. This can be seen in [6] and
even more subjectively in [9].
Therefore, since temperature is not properly controlled, the microorganisms in charge of the decomposition die and the process
is not completely done. As for humidity, if too wet the composting
pile stinks, and if not enough, the microorganisms die again.
Research in Europe [10] and in the United States [11] indicates
that quality and marketing of the end product are the most crucial
composting issues. There is a clear need of providing composting
operators with improved process control technology, especially in
view of increasingly stringent and evolving regulations, such as EC
Regulation 1774/2002 which stipulates EU treatment standard for
manure was 70 °C/1 hour/12 mm particle size [12], with some Euro-
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pean countries imposing this only for products intended to be traded
internationally. EC Regulation 208/2006 allows for the approval of
alternative composting and bio gas standards for the treatment of
animal by-products, whereby rather than setting out the process
requirements (time/temperature/particle size) for treatment of raw
material it permits the operator specifying their own treatment
parameters, provided that the operator can demonstrate through
microbiological testing of the finished product that the system has
produced sufficient pathogen reduction (and of course provided
the system still complies with all other aspects of 1774/2002). Such
regulations, along with market demands for high quality, stable and
safe composting are clear drivers for bridging the current gaps in
compost monitoring and control technology.
Each country in the world has its own regulations to measure
the quality of the resulting compost [13]. Still, the procedure is
similar, the only change resides on the level of particles. A sample of
compost is taken, isolating it in order to avoid contamination, and
brought into a laboratory [14]. Once there, the levels of heavy metals
and pathogens are measured and compared to the acceptable levels
to decide whether it has a good quality or not.
This work will guide a research effort in the development of an
on-line wireless system that will be effective for the measurement of
both temperature and humidity at various points in the composting
material.
Since compost is a heterogeneous material higher temperatures
will be produced in punctual focus inside the composting material.
Furthermore, current probes can be affected by external conditions.
Thus, measures have to be realized from the inside. However, an
enclosure for the circuit is needed to isolate the system from hazardous substances and from humidity. This enclosure will have to
stand blows due to the action of the compost turner. For further
information regarding the need of protection refer to Appendix B.
The fundamental material used for industrial and electrical isolation is the family of polymers [15]. But in front of high temperatures
we have to discard Polyvinyl chloride (PVC) because it melts at
temperatures of 80 °C [16] (and it becomes deformed earlier) and
the blows of the compost turner makes Polyethylene terephthalate
(PET) to be also discarded since its hardness is so great [17] that it
can jam the shovels of the compost turner. Polystyrene (PS) is also
discarded due to its low impact strength [18] along with Polypropylene (PP) [19]. Polyurethane (PU) on another hand has a high impact
strength and high melting point (107 °C) [20], but it provides thermal isolation which will increase the transference of temperature
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(which we have already considered when talking of temperature).
Silicone has similar properties to PU but it has a great heat transference, which would make it ideal if it were not for its opposition to
microbiological growth [21].
As said previously, the system will include wireless communication to be able to interact with to control it or to receive data of the
monitoring. It is not a simple development due to the high humidity
levels of compost. At the final stage, though, electronic methods will
be supported by the fact that compost will be much more homogeneous and will have a lower water level. For transmission inside
compost there can be arisen some possible solutions:
• The first one would be using sonar waves. We could have a
system transmitting a pure acoustic frequency or an ultrasound
(it could be activated through a wireless network) [22]. The
emission could be temporally realized at different times and
with different frequencies if we wish to identify each system.
• The second would be using a radio-frequency signal [23]. Low
frequencies should be used (10-800 MHz).
When recovering the capsule at the end of the composting mechanical methods of object separation can be used, meaning that the
sensor-capsule will have bigger dimensions than the ones of the
holes of a filter where the compost material is made go past.
As a result of this work we have stated that we wish to develop
some models in order to optimize the composting monitoring. Currently there are already models and guidelines for the same purpose.
In Catalonia, the company with greatest involvement in the management of Composting plants is Metrocompost S.A1 . They propose
some guidelines and technologies to monitor the composting process. The control of parameters of the the process is realized through
a set of probes which allow knowing these parameters at all times
[24]. In Spain there are no regular models nor guidelines for the
correct composting monitoring as in Alberta [6] or Ontario [25],
which give clear recommendations of how to ensure that the composting operation maintains the ongoing quality needed. Most of
these recommendations rely on grabbing samples and analyzing
them which is an expensive procedure, temporally talking. We conclude that there is a lack of information for the proper monitoring
of the composting process and therefore our models may be a good
contribution for the organic matter management.

1 Public Limited Company (PLC). Incorporated (Inc.)
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1.2

objectives

The final objective of this thesis is to increase the quality of compost,
developing a novel optimum humidity and temperature measuring
system in a continuous and autonomous way at various points inside the composting material. The proposed solution will consist of
a set of independent sensor nodes, i.e. the nodes will not require any
external connections to feed or read the sensors, and which will be
encapsulated in an inert material that will be capable of withstanding the harsh composting environment. The system will transmit
data from the compost pile to existing data analysis systems and
will be programmed to be controlled through receiving instructions
via a wireless sensor network.
Hence the main objectives of this work are:
1.

Optimization and development of the optimal interfaces
for the temperature sensor system for the application of
composting process monitoring.

In this objective the development of the temperature sensor system
will be realized. We will take into account that the sensors will not
be able to be in contact with the compost material and that the
whole system will be embedded into a capsule, to isolate it from the
worsen and damage of the contact with the environment and with
the movement of the compost turner. We will search for different
alternatives of temperature sensors and will choose one, and next its
low-cost and low-power conditioning. Basically, a model to optimize
the measure of temperature will be developed to advance on the
technical state.
2.

Wireless data communication study.

The main difficulty of this objective will be characterizing compost
as a transmission environment by studying the signal propagation.
We will require finding the optimum operation frequency to be able
to determine a good enough transmission distance. At the same time
we intend to find the RF propagation model for compost to have an
estimation of the distance.
3.

Development of the optimal method for the humidity
sensor system for the application of composting process
monitoring.

We will develop, design and test a humidity sensing method suitable
to the characteristics of our problem involving measuring at low
frequencies with the help of capacitive electrodes. An optimization of
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the design of the measuring electrodes will be realized to maximize
the sensitvity of the sensor. We will not focus on the electronics
involved into the sensor system but on the physics, since that does
not involve any improvement in the current state of the art.

Everything popular is wrong.
— Oscar Wilde, dramatist

2

T E M P E R AT U R E S Y S T E M

2.1

state of the art and proposed solution

As stated in the Objectives, in this chapter and the following ones
we will develop a temperature system for the autonomous measure
of compost from the inside with a protection. To do so, we first need
to know what the current solutions are and identify the problems
against the improvements we can offer.
We have seen, that for temperature monitoring in composting
the most extended use is the insertion of probes [26, 27]. There
are many manufacturers involved in their distribution, some of
them innovating with probes that are left put and communicate
via wireless with a transceiver [28]. The idea of wireless sensors is
supported and evolved to wireless sensor networks as in the patent
[29] and in the products of [30]. The problem of this kind of product
is that it results expensive and it has to be removed in order to turn
over the compost material. This last problem is really old and even
the possibility of inserting sensors in the turner shovels was arisen
in some patents [31], but that is nonsense since the compost turner
is activated only when the measured temperature is above some
limited temperature levels.
A part from the probe insertion, there are really few solutions for
the control of temperature; the following one refers to its monitoring
on tunnels where no turning is realized and where the answer in
front of a too high temperature is the action of a fan [32]. This cannot
be extrapolated to other enclosures rather than tunnels. Therefore, as
stated before, a good solution would be a sensor system measuring
from the inside and protected enough to stand the blows of the
compost turner (with an elastic protective enclosure) and to protect
it from humidity (hence a minimum IP 67 grade is needed). The
problem of a sensor inside a capsule is the delay due to the thermal
capacitance that implies. In order to know what the temperature
outside the capsule is we can use a method to estimate what the
transient of the temperature sensor tends to [33].
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On the other hand, to have a proper monitoring of the composting
process a continuous measurement is needed. The time interval
between samples has to be adaptable because temperature changes
during the active decomposition stage are dependent of the location
and the processing time. Temperature changes very slowly during
the whole composting process and its values may vary half a degree
per hour, and so a measuring rate of at least 30 min is more than
enough for the monitoring of temperature.
If the system has to be measuring from the inside during the whole
composting process autonomously, we will need to minimize the
system consumption as much as possible. The basics for this will be
based on a low-consumption microcontroller, one that allows exactly
controlling which part of the microcontroller is active at each time,
incredibly optimizing the overall consumption [34]. As said before,
temperature changes in compost are really slow, this permits using
the method to estimate the tendency of a first order transient [33],
with which we will save taking at least 40 % of the samples of a
transient.
We wish to elaborate a scalable product; meaning one able to
be used in all kind of composting enclosures, therefore its prize
has to be the minimum possible. To minimize its prize we could
decrease the number of components; like using a conditioning of a
direct sensor to microcontroller interface [35] or other conditioning
techniques like Dynamic Power Management [36]. The composting
process lasts around 2 months and as such, the batteries should be
able to stand at least this time supplying the system.
2.1.1

Proposed solution

Our system is wished to be adaptable basically to different composting enclosures, like tunnels and piles, and to the different environments of geographical zones all over the world. Also it would be
interesting to be able to use this same system on other processes
rather than in composting enclosures, as for example in silos. The
main and only critical changing factor of this adaptability is the
time that the process lasts. With the development of a programming
interface, the final user would be able to define the time of each
stage of the process for the sensor system to act consequently.
As said in Chapter 1 the maximum temperature during the composting process is of 70 °C, therefore we will look for an electronic
system able to work at this temperature or even until 80 °C just to
have some margin. An accuracy of 0.3 °C and a precision of 0.1 °C
is required by definition from the European project Compoball in

2.1 state of the art and proposed solution

which this thesis have been developed, which agrees to the standard
regulations of the European Union in the measure of temperature in
compost.
Therefore, in this part of the Thesis we will develop a Temperature
system that works autonomously inside compost protected by an
elastic enclosure (IP67 to be able to protect both from water and
chemical attacks) and supplied by some batteries, during around 2
months (which is the time a whole composting process lasts). The
system will measure with an adaptable rate of at least 30 minutes
and will keep the measures, with the time in which they were taken,
in order to be able to see the evolution afterward.
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2.2

design and implementation

The design and implementation of the Temperature system will
focus on the conditioning of the sensor and everything related to
the measure of temperature which will be what will determine the
consumption of the system in front of the quality in the measure.
On the other hand, our system has to be embedded into a capsule
as said in chapter 2, therefore in order to fit our circuit inside a
capsule we have to consider minimizing its size and the size of all its
components. Moreover, we find that the duration of the batteries has
to last the whole composting process, and thus the components must
have the minimal consumption. Besides, the composting process
can reach values of temperature up to 70 ◦ C, and so the operating
temperature of our devices has to be over this value. Furthermore,
we have specified that we wish to produce a scalable final product;
therefore the total prize has to be the lowest.
In Appendix A the selection and justification of all the devices
in the architecture can be found. As follows we will explain the
innovative parts which are the sensor conditioning and the protective
capsule.
2.3

sensor conditioning

Our sensor conditioning has to be applied to detect the changes of
the resisting sensor with the highest resolution-consumption rate.
There are many solutions to reduce consumption and to improve the
resolution, we will find a balanced one for our system. As follows
the different alternatives in the bibliography are described.
Typically, to reduce analog and digital consumption a Dynamic
Power Management (DPM) is commonly used (wake-up methods[37]),
consisting on a sensor system remaining in different sleep times
effectively reducing the consumption as long as the sleep time is
much bigger than the active stage time. Another method commonly
linked to the DPM is the Dynamic Voltage Scaling (DVS) for digital
consumption reduction. While DPM reduces the overall consumption using low power modes, it is possible to have an additional
energy saving if in the active stages the parts of the microcontroller
not used are switched off. A part from the previous alternatives,
the bibliography offers other less common solutions for digital consumption reduction, as including optimal synchronization of the
communications[38] or optimizing pre-processing operations[39].
Another extended solution is the reduction of the clock in the mi-
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crocontroller to reduc consumption (e.g use 32 kHz instead of 8
MHz).
A part from DPM, a very extended solution to reduce the number
of components of the system, and sometimes the analog consumption, is using completely integrated systems, like the Texas Instruments MSC1210[40] to condition impedance bridges or the Analog
Devices AD7745[41] to condition capacitive sensors. The problem of
these solutions is their specific use and their high prize. Another
trend is eliminating stages from amplitude conditioning (Figure 4a)
or to integrate them into the digital processing. Eliminating the dynamic range adjustment (Figure 4b) would mean increasing the ADC
number of bits and, sometimes, including the offset correction in
the sensor conversion, this way it is possible to reduce consumption,
physical dimensions and noise. This last solution proposes a system
with an excitation, filtering and analog-to-digital conversion stages,
limited by the number of bits of commercial ADCs. A new method
proposes eliminating all the conditioning stages by applying a direct
sensor-to-microcontroller interface (Figure 4c), designed to measure
the value of a capacitance[42], resistance[43] or bridge[44]. Most
sensors are impedance-based and used in almost all fields; from
typical health monitoring[45, 46, 47] or acoustic sensing[48] to more
specific uses as fireside corrosion measurement[49] or Salmonella typhimurium detection[50]. Therefore direct sensor-to-microcontroller
interfaces seem an alternative to amplitude conditioning methods.

Figure 4: (a) Classic conditioning. (b) Classic conditioning without dynamic
range adjustment. (c) direct sensor-to-microcontroller interface.
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Hitherto, no systematic study has been realized to compare the
consumption and effective resolution trade-off of the different conditioning alternatives, to see how the design is affected. Thus, our
objective is comparing the performance of amplitude conditioning
methods with direct sensor-to-microcontroller interfaces, by studying the consumption vs the effective resolution of each system. This
way we would find out which is the most efficient sensor conditioning technique for our system.
2.3.1

Theoretical models

The alternatives for classic amplitude conditioning systems and
direct sensor-to-microcontroller interfaces are explained in the following subsections. In classic conditioning systems, reactive sensors
need of an AC excitation voltage or current, that implies additionally
using a demodulator in front of the DC excitation needed on resistive sensors. For direct sensor-to-microcontroller interfaces the use
of a resistive or a capacitive sensor does not matter and thus, if the
consumption and noise were to be reduced using a resistive sensor
(which we have not proven yet), in the case of using a capacitive
sensor would be even better since the demodulator is not necessary.
Hence, the use of a resistive sensor as the input will serve also as
a reference for the use of capacitive sensors.
Amplitude conditioning
Amplitude signal conditioning includes the sensor excitation, the
dynamic range adjustment, the filtering, the analog-to-digital conversion (ADC) and the processing[51], as shown in Figure 4a. But
the trend gives an alternative as can be seen in Figure 4b, representing the compromise between gain and number of bits. Although
there are so many commercial ADCs with embedded amplifiers, if
we avoid using an amplification (embedded or not) we avoid the
current consumption of this stage and the noise it adds. However,
the number of bits of the analog to digital converter (ADC) is bigger
which, although it reduces the quantization noise, it may suppose
an increase in its consumption according to the trend[52]. Still, the
bibliography supports the fact of designs where increasing the number of bits of a Sigma-Delta converter does not imply an increase in
the consumption[53, 54]. For example, if we take commercial SigmaDelta converters Analog Devices AD7788 and AD7789 we see that
with a resolution of 16 and 24 bits respectively their consumption is
the same keeping the same characteristics, even with the increase in
the conversion time. Therefore if the consumption is not critical and
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the noise can be reduced then the choice would be using the second
conditioning alternative (Figure 4b).
To realize the analysis the system is divided into three stages: the
sensor excitation, the filter and the analog to digital conversion. The
supplying of the sensor and the ADC is supposed to be provided
by the microcontroller and, thus, can be off when not measuring,
reducing the average consumption. Besides, the noise related to the
output voltage of such a ports is negligible.
The consumption, the voltage of the signal and the noise influence
are analyzed on each stage, and the final expression of the overall
average consumption and effective resolution is given.
sensor excitation stage This will be the stage critical in
terms of consumption and noise, and thus we will focus on its
optimization.
There are two conditioning options for resistive sensors: bridges
and pseudo-bridges. When using a resistive sensor, bridges are not
linear, but can come close to linear by increasing the additional
resistors which also implies a reduction in consumption, an increase
in noise [55] and a loss of sensitivity. The problem of doing so is that
sensitivity becomes very low and needs of low-power gain stage to
compensate. Pseudo-bridges use operational amplifiers to make the
output linear, and can deal with the trade-off between consumption
and noise by increasing the additional resistors in the same way
as in bridges. Since the consumption of an operational amplifier
can be of really few μA, bridges and pseudo-bridges become the
same in terms of consumption and effective resolution. Since the
only difference between them is that bridges are not fully linear it is
reasonable to choose pseudo-bridges as the option to work with.
There are two typical circuits for conditioning through pseudobridges[56], unipolar as can be seen in Figure 5 and bipolar in Figure
6. On a first sight we can see that Figure 6 will not have mismatch
problems since its output is regulated by an operational amplifier
(OA). Still both circuits are analyzed in order to see which will need
a lower ADC resolution.
A Pt1000 sensor , with a nominal resistance of Ro = 1 kΩ, besides,
and a range of Rx = [1 − 1.272] kΩ are considered. In this stage, the
variables that will determine the trade-off between the consumption
and the effective resolution are ki . Let us calculate first the voltage
of the signal for the option in Figure 5.
This option would need a reference instead of ground in the
positive input of the amplifier, or bipolar supplying, in order to be
able to output the whole range of the sensor. Thus, to reduce the
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Figure 5: Sensor stage option (a) current flow

Figure 6: Sensor stage option (b) current flow

voltage level and to simplify the supplying the best option is using
a unipolar solution.

2.3 sensor conditioning

The current flowing through the two branches of the Wheatstone
bridge can be modeled as a system of equation based on the voltage
dividers (Figure 5), which if solved (2.1) is obtained

V o1



V cc
k2 (1 + x)
·
= k3 −
k1
k2 + k3

(2.1)

If we optimize the dynamic range to improve the resolution with
the relation of the three ki constants
the possible
hwe obtain that

i

2k1
2
ranges for α where α = k2k+k
are 0, k1 +1+x
and for k1 are
max
3
h
i
(1+xmax )α
,∞ .
2−α
If we, for instance, take α = 0.1 (k1 = 0.115 and choosing k2 = 0.09
and k3 = 0.081), with the range of the resistive sensor (x = [0, 0.272],
T›[0, 70] o C) and the input range of the microcontroller (V o1 =[0, 3]
V), the number of bits needed in the ADC results of n ≈ 10 bits (0.1
o C resolution).
Now let us calculate the voltage of the signal for the other case
shown in Figure 6. The current flowing through the two branches can
be modeled as a system of equation based on the voltage dividers
(Rx = Ro · (1 + x)), which if solved (2.1) is also obtained.
Having the same output voltage, we see that both options need of
the same resolution. Nonetheless, the second option avoids problems
with impedance mismatch, and would not need of extra design
features to work. Thus we will continue with that option as the
sensor stage of the conditioning system.
If we analyze the voltage of the signal and the consumption with
the help of Figure 6 we obtain that the voltage of the signal is the
specified in (2.1). There are some limit values of k2 and k3 in order
to stay within the limits of the power supply.
The current consumption is determined by the sum of currents
supposing an infinite load resistor. If we analyze the circuit in Figure
6 we get that the overall sensor stage consumption is

Is1 = I1 + I2 + IQ1

(2.2)

In terms of power, the total power of the circuit is the power in
the different resistors plus the quiescent power IQ1 V cc and the
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internal power depending on the amplification[57]. The resulting
power consumption in Figure 6 is

Ps1

V2
= cc
Ro



1
k1


1−

k3
k2 + k3



1
+
k2 + k3


+ IQ1 V cc

(2.3)

3
As we can see in equation (2.3), k2k+k
needs to be smaller than 1
3
in order to fulfill the equation.
As for the noise, when added it is possible to see that the predominant noises are the thermal and flicker noise and all the rest are
negligible[57].
With that in mind, in Figure 6 the voltage and current thermal
noise sources are identified. A method to determine the circuit gain
for each noise source is to replace them by a conventional voltage or
current source and calculate the corresponding gain [52].
We get the equation defining the output voltage in Figure 6 taking
into account the voltage and current thermal noise sources, which
shows the respective gain for each voltage and current source. Therefore, the Power Spectral Density (PSD) of the output voltage noise
will be

"

#
 
2
1
k3
1 + k1 2
(k2 + k3 ) +
=
+ 1 e2to
k1
k2 + k3
k1
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2

1 + k1
k2 k3
1 + k1
2
en1 +
+ 1 R2o · i2n1 (2.4)
+
k1
k1
k2 + k 3

e2no1

If the output mean-square voltage noise when measured with a
device whose bandwidth goes from fL to fH is [56]

E2no1

Z fH
=
fL

e2no (f) df

(2.5)

and if the flicker noise for the respective frequency dependence of
en and in for common operational amplifiers[57] is

e2n (f)

i2n (f)


 

fH
· fce ln
+ (fH − fL )
fL

(2.6)


 

fH
· fce ln
+ (fH − fL )
fL

(2.7)

=
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=
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we can finally obtain from (2.4) and with (2.5), (2.6) and (2.7)
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(2.8)

E2no1 =

filtering stage A first order low-pass filter is considered. Let
us see the voltage of the signal and the consumption considering a
resistance of the filter Rf and a capacitance of the filter C.
In this case voltage V o2 in steady state will equal the voltage in
the input V o1 .
As for the consumption, if the capacitor is initially discharged, the
voltage in this stage will be function of the time of charge. Therefore,
the current evolution is represented by (2.9) as

If =


V o1 
· 1 − e−t/fi · u (t)
Rf

(2.9)

If we consider the filtering time lτ = 6.9τ or lτ = 9.2τ, the effective
number of bits results 10 and 14 bits respectively and hence the
average consumption is

If,a

1
=
lτ

Z lτ
0


V o1 −t/fi
V o1 C 
−l
1−e
·e
dτ =
Rf
l

(2.10)

1
Knowing that fH = 2πRC
and considering that the values of l are
really high (an integration time of 6.9τ or higher to decrease the
time in active), making e−l ≈ 0, then

If,a =

V o1
l · 2π · fH · Rf

(2.11)

The power consumption similarly is

Pf,a

1
=
lτ

Z lτ
0

2V 2o1 −2t/fi
V 2o1
·e
dτ ≈
Rf
l · Rf

(2.12)
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And for noise, since there is no active components and there is only
one resistor, the influence of noise for the filtering stage will add the
thermal noise of that resistor, finally obtain the output mean-square
voltage noise with (2.5), (2.6) and (2.7)
E2no2 = E2no1 + e2tf (fH − fL )

(2.13)

processing and adc stage We will not consider the active
processing stage because it is very variable depending of the compiler and the program, and because it is common for all the conditioning systems and, thus, not a differential point. The case of the
ADC is different since there are conditioning systems not using it.
The analog-to-digital conversion is characterized by three time intervals: synchronism time (tsync ), sampling time (ts ) and conversion
time (tc ). During these intervals the ADC is actively consuming.
As for the influence of noise for the ADC stage we will consider
the Quantization noise, which is due to the finite resolution of the
ADC, and is an unavoidable imperfection in all types of ADC. The
ADC thermal noise is negligible with an order of 10−18 . Also, one
has to be careful when choosing an ADC due to the error coming
from non-linearities, gain error, etc.
The magnitude of the quantization error at the sampling instant
is between zero and half one LSB. In the general case, the original signal is much larger than one LSB. When this happens, the
quantization error is not correlated with the signal, and has a uniform distribution. Its RMS value is the standard deviation of this
distribution, given by[58].
Q
eQ = √
12

(2.14)

where

Q=

V FS
2n

(2.15)

V FS is the full scale voltage and n is the number of bits of the
ADC.
Therefore, the output mean-square voltage noise is

E2Q =

V 2FS
12 · 22n

(2.16)
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overall average consumption and effective resolution
In order to calculate the energy consumption of the overall conditioning system (Ea ), an average depending on the monitoring rate is
realized

Es,a = t1 Ps1 + tf Pf,a + tADC PADC + tuC,sleep PuC,sleep

(2.17)

where tT is the monitoring rate, tf is the time the filtering stage is
active

tf = l · τ

(2.18)

tADC is the time the ADC is active in the worst case
(2.19)

tADC = tsinc + ts + tc

tuC,sleep is the time the microcontroller is in sleep mode, which is
the rest of the time

(2.20)

tuC,sleep = tT − t1

and t1 is the time the sensor stage is active, which equals to the
time spent on the filtering and amplification stage (the 2 additional
clocks are the intervals between the active cycles of the ADC)

t1 = tf + tADC + 2 · T SCLK

(2.21)

As for the resolution, we will define it as the effective number of
bits after the signal has been digitized

10 log
ENOB =

V 2o2
E2noT


− 1.76

6.02

(2.22)

where E2noT is the total output mean-square voltage noise
E2noT = E2no2 + E2Q

(2.23)
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With equations (2.17) and (2.22) we will study the consumption
and effective resolution of a classic conditioning system in section
2.3.1.
Time conditioning (Direct sensor-to-microcontroller interface)
This conditioning consists on the time measure of the charge and
discharge of a capacitor through the resistive sensor, using the digital
inputs and outputs of an MCU, whilst capturing the time with a
counter. This time will depend directly on the resistance value of
the sensor.
From the direct sensor-to-microcontroller interface options the
three signal measurement method is the most recommended[43]
(Figure 7). With it, it is possible to obtain a maximum absolute error
of 0.08 Ω, a maximum non-linearity error of 0.01 % FSS and an
accuracy of 0.10 Ω[43] when using a Pt1000 alpha class.

Figure 7: Direct sensor-to-microcontroller interface (three signal method)

It consists on charging a capacitor (1 μF in order to have a good
speed-resolution trade-off) and discharging through three different
pins. One of the pin lines contains a reference resistor Rc2 (that can
be around 1.5 kΩ a value near the nominal value of the sensor and
not to high to suppose a noise problem), another is short-circuited
and the last has the resistive sensor Rx . In other words, the sensor to
measure plus a reference and an offset measure. R0 is an additional
resistor that is placed to limit the sink charge current to the maximal
current sunk by a port pin (which is 20-25 mA and thus R0 = 330 Ω)
and hence to ensure a correct exponential discharge waveform.
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From each discharge the time it lasts is measured, and with
each time the resistance value of the sensor can be calculated with
(2.24)[59]

Rx = R0 ·

Nx − Nc1
Nc2 − Nc1

(2.24)

where Nx is the time counter of discharge through the resistive
sensor, Nc1 is the time counter of discharge through the short-circuit
and Nc2 is the time counter of discharge through the resistor Rc2 .
overall consumption The overall consumption of this system only depends on the operation of the microcontroller and the
charges and discharges of the three signal measurement method. As
in the previous system we suppose that the microcontroller is sleeping most of the time except when measuring. Also while charging
and discharging the MCU is sleeping until the trigger is activated.
Therefore the overall energy consumption as an averaging of the
consumption is

Es,a = tuC,active PuC,active + tRc2 PRc2 + tRsc PRsc + tRx PRx
+ tuC,sleep PuC,sleep (2.25)
where tuC,active is the time the microcontroller is active, PuC,active
is the power consumption of the microcontroller when active, tRc2
is the discharge time through Rc2 , PRc2 is the power consumption
of the discharge through Rc2 , tRsc is the discharge time through the
short-circuit, PRsc is power consumption of the discharge through
the short-circuit, tRx is the discharge time through the sensor, PRx is
the power consumption of the discharge through the sensor, tuC,sleep
is the time the microcontroller is asleep and PuC,sleep is the power
consumption when the microcontroller is asleep.
effective resolution The effective resolution of the three
signal measurement method can be simplified to (2.26) since Rx 
Rsc and Rc2  Rsc [60]
√
u (R∗x )
=
u
·
2
r,0
R∗x

(2.26)
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where ur,0 is the relative standard uncertainty of the discharging
time measurement, which remains constant as in (2.27)

ur,0 =

u (Nx )
u (Nc1 )
u (Nc2 )
=
=
Nx
Nc1
Nc2

(2.27)

Since the value of the discharge measurement cannot be considered small, the Slew Rate (SR) at the trigger point is small and
hence the effects of the trigger noise predominate over those of
quantization[21], therefore the relative standard uncertainty of the
discharging time measurement can be approximated to (2.28)

ur,0

q
E2n,i + E2n,e


≈
1 −V 0
(V TL − V 0 ) · ln VVTL
−V 0

(2.28)

where En,i is the rms voltage noise superimposed on the threshold
voltage, En,e is the rms voltage noise superimposed on the input
signal to be measured, V TL is the lower threshold voltage of the
microcontroller, V 0 is the value to which the discharge arrives and
V 1 is the value from which the discharge departs.
And thus the effective number of bits (ENOB) results as (2.29)


V 1 −V 0
(V
)
−
V
·
ln
0
TL
V TL −V 0
Rmax − Rmin
 (2.29)
q
ENOB = log2 
√
2
Rmax
2
12 · En,i + En,e


where Rmax and Rmin are the maximal and minimal values of the
resistive sensor.
If a reduction of the trigger noise is realized (similar to filtering)
by averaging several measures (above 100 measures[43]) then quantization noise predominates and the relative standard uncertainty
can be approximated to (2.30)
Ts


ur,0 ≈ √
1 −V 0
12τ · ln VVTL
−V 0
where T s is the time-base of the digital timer.

(2.30)
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And thus the ENOB results as (2.31)

ENOB = log2

T0,max − T0,min
Ts


(2.31)

where T 0,min and T 0,max are respectively the minimal and maximal
discharging times to be measured.
Theoretical results and discussion
First, the energy consumption and the effective number of bits are
calculated for the amplitude conditioning and compared. Frequencies from 0.47 Hz to 20 Hz are considered; most of sensors work at
low frequencies and the selected 16 bit ADC samples at 38.15 Hz
and hence 20 Hz is more than enough. The 24 bit ADC cannot be
used due to sampling time issues (the sampling frequency is 0.30 Hz
and as such cannot sample signals between the specified frequency
range) and also the consumption would be increased dramatically
to achieve an extra bit of resolution.
In order to emulate a real example, a voltage supply of V cc = 3 V,
a monitoring rate of 1 sample/h and a temperature of 273 K are
supposed. Optimum devices are chosen in order to minimize their
effect in the consumption and in the noise:
• A low power AD8500 amplifier is used, with a quiescent
current √
of IQ1 = 1.5 μA, a voltage noise density of eno =
190 nV/ Hz and a current noise density of ino = 0.1 pA.
• The very low consumption MSP430F1232 microcontroller, with
an active current of IuC,active = 580 μA and a sleep mode current
of IuC,sleep = 0.5 μA. The same MCU is supposed in both
systems (En,i = En.e 6 1.45 mV, V TL = 1.65 V, f = 8 MHz).
• The AD7788/AD7789 16/24 bit ADC, with a current supply of
IADC = 75 μA for a V DD = 3.6 V, and a T SCLK = 200 ns; in the
case of this device the working times are defined as tsync = tT ,
ts = 2n · T SCLK and tc = 2 · tT .
As said in the excitation stage section, α and k1 need to be as near of
0 as possible. Figure 8 shows the effective number of bits in function
of the energy consumption for α = 0.1 and k2 = 0.09 and with a
range of k1 from 0.1121 to 0.1414, the limit values to be within the
voltage supply range. From left to right the points of the graph
equal the values of effective resolution and energy consumption for
bandwidth of [20, 17.6, . . . , 0.538, 0.473] Hz.
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Figure 8: Energy consumption vs effective number of bits (α = 0.1). Points
of each series are, from left to right, 20, 17.6, . . . , 0.538, 0.473 Hz.
For a 16 bit ADC.

As we can see, the bigger the value of k1 the better the resolution
and the consumption. In this case Equation (2.8) is not affected by
α and so it directly affects the signal amplitude of Equation (2.1)
and the power consumption of Equation (2.3). Without taking a look
at the equations, this behavior may seem not logical, but there are
works that have proved the seemingly paradoxical noise behavior of
some active circuits[61].
If we take a medium case in Figure 8 (k1 = 0.1185) and we modify
α within its limit values [0.0712, 0.1060] we obtain Figure 9. This
time, the smaller the value of α the better the resolution and the
consumption, which implies that k3 must be much bigger than k2 .
This can be expected since if we take a look at equation 2.4 we see
that the bigger k3 compared to k2 the less noise and in equation 2.3
less consumption.

Figure 9: Energy consumption vs effective number of bits (k1 = 0.1185).
Points of each series are, from left to right, 20, 17.6, . . . , 0.538,
0.473 Hz. For a 16 bit ADC.

If we take the bandwidth of 20 Hz for all the k1 (Figure 10)and the
alphas (Figure 11) we see that the error when increasing k1 decreases
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discontinously and the error when increasing alpha decreases as
first order.

Figure 10: Energy consumption vs effective number of bits (α = 0.1). f =
20 Hz

Figure 11: Energy consumption vs effective number of bits (k1 = 0.1185).
f=20 Hz.

If we were to use the 24 bit ADC we could only use it for very low
bandwidths. An example for a 0.145 Hz bandwidth can be seen in
Figure 12 and 13.
Now, we will show the performance of the time conditioning.
This can be seen in Table 1, where the overall system energy consumption and the effective number of bits of the direct sensor-tomicrocontroller are shown. The difference of ENOB averaging or
not is considerably big, yet the energy consumption also increases
but not drastically. The energy consumption of the direct sensor-tomicrocontroller interface is characterized by a processing routine
active during around 44 clock cycles, something negligible even
multiplied by 100. The increase in consumption is mainly due to the
charges and discharges of the three signal method.
As we can see, classic conditioning systems consume much more
than direct sensor-to-microcontroller interfaces without averaging
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Figure 12: Energy consumption vs effective number of bits (α = 0.1). f =
0,145 Hz. Using 24 bit ADC.

Figure 13: Energy consumption vs effective number of bits (k1 = 0.1185).
f=0.145 Hz. Using 24 bit ADC.

ENOB (bits)

Ea (mJ)

t (s)

Not averaging

8.2

5.43

0.0217

Averaging

12.9

8.1

2.11

Table 1: ENOB and energy of using the direct sensor-to-microcontroller
interface

and also when averaging. In terms of resolution it is possible to have
more resolution in classic conditioning, since direct-interfaces have
an offset noise due to the specifications of the microcontroller.
We see that classic conditioning has a limitation in terms of effective resolution (in Figure 8 we can see that the ENOB value saturates)
and so the consumption, whilst direct interfaces have a limitation in
terms of consumption (we cannot get a consumption lower than the
dissipation of the interface resistances). Direct interfaces have also a
limitation in terms of resolution due to the quantization noise, but
we have to take into account that the direct interface was working
with an MCU at 8 MHz. If a MCU working at a higher frequency
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is chosen, the resolution can be increased when averaging (e.g. 20
MHz obtains 14.2 bits) with a negligible change in consumption.
Also, the clock frequency cannot be increased indefinitely since you
depend on your MCU and you may have to change of technology in
order be able to increase it (and so the consumption may increase
a lot). Still, the difference in resolution of classic conditioning is
considerably big.
That is the result of using a Pt1000 as the input sensor in the conditioning system, if a Pt100 is used the result of classic conditioning is
a big increase in consumption keeping the same effective resolution.
In the case of the direct sensor-to-microcontroller interfaces (with
reference resistor of 150 Ω of the three-signal method) the resolution is considerably decreased, when averaging, to around 9.5 bits
keeping the same consumption. When not averaging the result is
the same as using a Pt1000.
2.3.2 Experimental setup
To verify the theoretical models, experimental setups for both the
amplitude and time conditioning were developed.
Amplitude conditioning
As said before, the main power consumer and noise source in the
amplitude conditioning is the excitation stage. As such, we have
designed a PCB circuit based on the excitation stage. The circuit was
composed by the AD8500 amplifier and some pin connections to
modify the value of the resistances in the circuit. The power supply
was 3 V (sourced with a FAC-363 voltage supply).
consumption To measure the consumption of the circuit a resistance (Rmeas ) was connected between the positive connection of the
voltage generator and the supplying pin of the circuit. The voltage
in this resistance was measured with a 61/2 digit resolution Keithley
2100 digital multimeter for each case, and the current consumption
was obtained by applying the Ohm law.
As in section 2.3.1 a case with α constant and another with k1
were analyzed.
In the case with α constant, the values of the resistances were
measured (Ro = 998.2 Ω, k2 = 0.0902, α = 0.0704, Rmeas = 9.9 Ω)
and the voltage supplied V cc = 2.98 V.
In Table 2 we can see the experimental values compared to the theoretical values (calculated with the measured values of the variables)
in function of k1 . As we can see, the theoretical and experimental
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values are almost identical and the consumption is both theoretically
and experimentally demonstrated to decrease as k1 increases. Experimental energy values where calculated taking into account that the
acquisition time of the multimiter is the same as the theoretical ADC,
meaning that the acquisition time of the multimiter was configured
through a LabVIEW interface to be 20 Hz.
k1

Is,theo (V)

Is,exp (V)

Es,theo (J)

Es,exp (J)

0.1115

4.17·10−3

4.17·10−3

7.48·10−3

7.48·10−3

0.1184

4.06·10−3

4.06·10−3

7.43·10−3

7.43·10−3

0.1261

3.95·10−3

3.95·10−3

7.38·10−3

7.38·10−3

0.1340

3.86·10−3

3.86·10−3

7.33·10−3

7.33·10−3

0.1425

3.77·10−3

3.76·10−3

7.29·10−3

7.29·10−3

Table 2: Consumption experimental vs theoretical results (α constant)

In the case with k1 constant, Ro , Rmeas and V cc are the same and
k1 = 118.95 Ω and k2 = 0.075.
In Table 3 we can see the experimental values compared to the theoretical values (calculated with the measured values of the variables)
in function of α. Again, the theoretical and experimental values
are almost identical and the consumption is both theoretically and
experimentally demonstrated to increase as α does.
α

Is,theo (V)

Is,exp (V)

Es,theo (J)

Es,exp (J)

0.0720

4.62·10−3

4,59·10−3

7.70·10−3

7.68·10−3

0.0814

5.22·10−3

5,20·10−3

7.99·10−3

7.98·10−3

0.0910

5.84·10−3

5,79·10−3

8.28·10−3

8.26·10−3

0.0997

6.40·10−3

6,34·10−3

8.55·10−3

8.53·10−3

Table 3: Consumption experimental vs theoretical results (k1 constant)

noise To measure the effect of noise in the circuit we used the
same setup as before but this time we measured the output voltage
of the circuit with the digital multimeter (5 Hz bandwidth and 10
PLCs). The digital multimeter was switched on 30 minutes before
the experiment began and was configured to measure 6 1/2 digits
of resolution and its PLC was adjusted to reject the 50 Hz signal.
The circuit was shielded with a metallic box connected to ground
and it was placed inside an isolated chamber to avoid changes in
temperature.
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Both the k1 and α modification cases were tested with the same
characteristics as in the previous experiment. One could think that
these are really small values for resistances, but as explained in
section 2.3.1 k1 and α need to be within certain margins to fulfill the
dynamic range. Morevore, given that Ro is equal to 1000 Ω, as per
the Pt1000 sensor used, the values of the rest of resistances are very
small.
The output voltage was captured during 15 minutes at a 10 Hz
rate. From the resulting signal we obtained the mean and standard
deviation, and with those we could obtain subsequently the ENOB
with equation 2.22 using the mean as the power of the signal and
the deviation as the power of the noise.
In Table 16 and 4 we can see that the experimental and the theoretical results approximately coincide.
k1

ρ

σexp

ENOBexp

σtheo

ENOBtheo

(V)

(μV)

(bits)

(μV)

(bits)

0.1098

0.85

28.8

14.6

14.7

15.6

0.1189

1.00

26.5

14.9

13.7

15.9

0.1264

1.11

29.0

15.0

13.0

16.1

0.1320

1.17

29.8

15.1

11.9

16.3

0.1478

1.35

17.8

15.9

11.3

16.6

Table 4: Experimental and theoretical ENOB in function of k1

α

ρ

σexp

ENOBexp

σtheo

ENOBtheo

(V)

(μV)

(bits)

(μV)

(bits)

0.0720

0.97

33.2

14.5

13.7

15.8

0.0814

0.68

36.6

13.9

13.7

15.3

0.0910

0.41

31.9

13.4

13.7

14.6

0.0997

0.21

39.1

12.0

13.7

13.6

Table 5: Experimental and theoretical ENOB in function of α

As we can see, by changing the values of the resistances of the
excitation stage, the value of the the ENOB changes, this shows us
that they are one of the main noise sources for classic conditioning.
If we were to use bigger values of R2 and R3 to reduce consumption
it would always be limited by the consumption of the amplifier, and
the resolution would decrease, but you can always reach a trade-off.
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In Table 5 we see that the theoretical noise is constant and in Table
4 is not; this shows that k1 greatly affects the noise proportionally.
We can see that the experimental value is slightly smaller than
the theoretical one, this is mainly due to the variation on noise on
the operational amplifier. There is no fixed variation of the typical voltage noise and the maximum voltage noise for operational
amplifiers. However, we can find many examples that show that
the maximum voltage noise of commercial operational amplifiers
can be more than twice the typical (e.g. OPA2111AM, OPA2111BM,
OPA2111SM, OPA37G, AD795JN/JR, AD795K).
In Figure 14 we can see the voltage measure for the case of alpha
equal to 0.0720. As we can see, it follows a normal patern with the
presence of noise which we confirm in Figure 15, where we see the
histogram of that case with a gaussian behavior.

Figure 14: Voltage in function of time for the case of alpha equal to 0.0720

Figure 15: Voltage histogram for the case of alpha equal to 0.0720

Time conditioning
consumption The consumption was measured in the same way
as in the amplitude conditioning; this time, though, the consumption
measuring resistance between the supply and the circuit was of 1796
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Figure 16: Calibration of R measured

Ω. Also, in this case we measured the consumption when the circuit
is active and when the circuit is in standby. The voltage in the
measure resistance was 0.89 V when active and 0.05 V in standby.
Now using equation 2.25, as in the theoretical calculation, we find
that the value of the energy results 5.01 mJ. As we can see, the
experimental energy consumption is slightly less than the theoretical
values. This may be due to the fact that the chosen theoretical
current consumption value of the microcontroller was the worst case
indicated by the datasheet.
noise To measure the noise effect in the measure of the temperature using direct interfaces we measured the resistance of the sensor
and we compared it to its theoretical value in Figure 16; obtaining a
maximum absolute error of 0.08 Ω, a maximum non-linearity error
of 0.01 % FSS and an effective number of bits of 13 bits (which is
translated as an accuracy of 0.10 Ω or 0.025 °C). This confirms the
error induced by the own resolution on the climatic chamber.
Also, we took the circuit and inserted the Pt1000 to a Hart Scientific
9102S temperature chamber.We selected 6 temperatures to measure
10 samples at a stable temperature supplied by the chamber. For
each temperature the average and standard deviation in the measure
were calculated and subsequently the ENOB with equation 2.22.
The results of the experiment can be seen in Table 6. As it is
possible to see, the value of the ENOB oscillates near the theoretical
value seen in Table 1 when not averaging.
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T (o C)

ρ (o C)

σ (o C)

ENOB (bits)

20

20.06

0.05

8.4

30

30.15

0.10

8.0

40

40.19

0.11

8.3

50

50.18

0.11

8.5

60

60.20

0.12

8.7

70

70.20

0.20

8.2

Table 6: Experimental measure of the ENOB

We can see that there is a systematic error in the measure of the
temperature since the higher the temperature the higher the error.
This systematic error can come mainly from the own resolution of
the temperature chamber.
2.3.3

Conclusions

Direct sensor-to-microcontroller interfaces can be seen as a good
alternative to classic conditioning when not needing a high SNR
value. Their performance is clearly better in terms of consumption
which makes them very suitable for autonomous sensor systems
and our application. The consumption in the direct interface is 5.43
mJ or 8.10 mJ (depending on the measuring time) as seen in Table 1,
whilst the energy in the classic conditioning oscillates from 30.40 mJ
to 48.70 mJ as seen in Tables 2 and 3. The main consumer in classic
conditioning systems is the excitation stage which direct sensorto-microcontroller interfaces lack. It is the stage that consumes the
most and the longest; that is the main reason for the difference in
energy consumption. Direct sensor-to-microcontroller resolution is
worse than classic conditioning systems, but can improve a little bit
by averaging samples and giving up some of the consumption improvement. The bigger the number of samples to average the better
the resolution and the bigger the consumption, until a value from
which the resolution cannot improve anymore but the consumption
keeps getting bigger. Still, we find that the resolution of the direct
interface is enough for our requirements; moreover, this resolution
is constant for all the temperature range whilst the resolution of the
classic conditioning gets worse as temperature is increased due to
the temperature effects in the ADC due to the voltage reference.
In other words, since we are looking for a low consumption system (e.g. autonomous system) and agree with a regular effective
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resolution, then the system to choose would be the direct sensorto-microcontroller interface. In this case, we could choose whether
averaging or not, also seen as decreasing consumption or increasing
the number of effective bits. Also we can overcome the resolution
limitation by increasing the clock counter of the MCU. If we were
interested in a high resolution system regardless the consumption,
then the system to choose would be a classic conditioning. In this
case, we could increase the value of k1 and decrease α to increase
the effective resolution and the consumption. However, we cannot
improve indefinitely the effective resolution due to the maximum
number of bits an ADC can have.
If a low resistance sensor were needed (Pt100) we would have
to choose between the very low consumption of the direct sensorto-microcontroller interface or the very big resolution of classic
conditioning systems. Resolution can be increased and consumption
can be decreased in direct interfaces, when averaging, by increasing
the capacitor of the three-signal method. Still this solution implies
increasing the size of the circuit which goes against the philosophy
of direct interfaces. On the other hand, if the capacitor is increased
and no averaging is realized, the resolutions remains the same and
the consumption is increased. Hence, in the case of a Pt100, we
could play with the size of the capacitor of the direct interface to
reduce even more the consumption of the system and increase the
resolution as long as an averaging is realized.
Finally, if we were to use capacitive sensors, direct interfaces have
exactly the same consumption and resolution, whilst classic conditioning worsens due to the addition of the demodulation module.
Still, regular capacitive sensors are normally of pF, and as such, very
big resistances (around MΩ) would be needed in direct interfaces
since this method cannot work with high bandwidth systems. In
this case, the consumption would be even lower, but the resolution
would slightly decrease.
As such, we will have enough with the SNR provided by the direct
interface for our application and we will be able to have a very low
consumption which will extend the lifetime of our batteries.
2.4

capsule

As said in at the beginning of this chapter, the circuit needs to be
protected from humidity and blows. Besides, in the State of the
art (Chapter 1) it is indicated that if we use a method to deal with
transference heat delays, the proper material to use as a capsule is
Polyurethane.
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2.4.1

Material suitability

We have analyzed the characteristics of three types of polyurethane:
rigid, rigid-foam and foam. As follows we will see how this material
stands the hard conditions of the composting process in terms of
temperature and humidity, together with the effect of the liquids
segregated during the composting process and the physical effects.
Temperature and humidity resistance
A foam polyurethane capsule was tested with different time cycles
simulating the composting process and on extreme temperature
and humidity conditions inside a FCH climatic chamber (Fig. 17),
in order to simulate the aging of the capsule on a quick way. The
capsule was able to stand temperatures up to 80 °C and an 80 % of
humidity without notably modifying its physical properties.

Figure 17: FCH climatic chamber used in our tests

This capsule was also tested on real composting conditions, inside
a pile, in the Castelldefels (Barcelona outskirts) composting plant,
and inside an urban composter. The capsule properties were not
significantly modified due to the effect of temperature and humidity.
In the following sections we will see how their weight change and
their degradation was minimal, not only because of temperature and
humidity, but also due to the gasses produced during the composting
process and the action of the compost turner.
A rigid polyurethane capsule was tested on real composting conditions inside an urban composter, and some minor deformation
was observed.
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Physical resistance

Figure 18: Capsules after the test in an urban composter

Two capsules of foam polyurethane (of 9 mm and 12 mm of diameter) and 2 capsules of rigid polyurethane were introduced inside a
composter to test their resistance to the physical conditions during
the composting process. The capsules were not visibly affected by
the pressure and the weight of the composting material, as can be
seen in Fig. 18. Table 7 shows how the weight was not significantly
affected by the process. The increase of weight was obviously due to
the waste attached during the composting process.
Initial

Final

weight (g)

weight (g)

9 mm foam polyurethane ball

215.7

224.9

Rigid polyurethane ball 1

95.9

100.8

Rigid polyurethane ball 2

88.5

91.0

Table 7: Changes in the weight after the composting process in the composter

Also, 10 foam polyurethane capsules were introduced on a pile
from a composting plant just before the compost turner was activated, in order to see their blow resistance. They had the number
cut on them and ball 9 and 10 were cut removing a significant slice
(Fig. 19a). Only six of them were recovered, the other four were lost
due to the action of the compost turner. They were not destroyed;
they bounced out of the pile. As we can see in Table 8 the change in
weight indicated an increase as in the last test, this was again due to
the waste that was attached to them during the composting process.
This waste only affected externally.
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Initial weight (g)

Final weight (g)

Ball 1

190.53

191.13

Ball 2

208.88

209.29

Ball 3

181.31

-

Ball 4

202.92

-

Ball 5

194.22

-

Ball 6

188.84

-

Ball 7

212.97

213.36

Ball 8

174.17

175.03

Ball 9

182.70

183.43

Ball 10

196.24

196.49

Table 8: Changes in the weight after the composting process in the pile

No damage was observed in either type of capsule after the compost turner had gone several times through the compost pile (Fig.
19b). The only effect was that foam polyurethane capsules bounced
and some of them went out of the pile during the process. Rigid
polyurethane could minimize this effect and probably avoid the loss
of the capsules.

(a)

(b)

Figure 19: (a) Capsules before the test. (b) Capsules after the test (only the
ones recovered).

Chemical resistance
Looking at the result of both tests, regarding the introduction of
the balls inside composting environments, we can conclude that the
capsules are chemically resistant to the chemicals produced during
the composting process.
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2.4.2

Material influence on the temperature sensor system

It is clear that the material stands the conditions of the composting
process. Now we will see how the material influences into the composting process and into the operation of the temperature sensor
system.
As said in the first section, polyurethane delays the thermal radiation and thus the measure of temperature changes can be affected
from the inside of a polyurethane capsule. We will quantify this
delay and will propose a solution to deal with it.
Theoretical calculation
In order to verify the validity of our experimental results we need to
compare to the theoretical calculation.
The heat transference time (∆t) from the environment at a temperature (T f ) to a body with a volume defined by an area (A) and a
width (x) (plain surface) at another temperature (T o ) comes defined
by[62]

∆t =

∆Q · x
A · ∆T · K

(2.32)

where K is the body material conductivity, ∆T is the temperature
change T f − T o , and ∆Q is the thermal energy change Qf − Qo which
comes from

Q = Ea · # atoms

(2.33)

where Ea is the average kinetic energy per atom defined as

Ea =

3
·k·T
2

(2.34)

where k is the Boltzmann constant which is 1.3806504 · 10−23 J/K.
And the number of atoms of the body # atoms is defined as

# atoms = m · Na
where m is the mass of the body and Na is the Avogadro number
of 6.02214179 · 1023 mol−1 .
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Experimental setup
The balls were cut into pairs of slices of different widths. For each
width a Pt1000 was inserted between the pair of slices and all was
left inside a refrigerator during a long time. Once cold, the resistance
of the Pt1000 between the polyurethane slices was measured with
a Keithley 2100 digital multimeter until it reached the environmental temperature. The data measured was captured through a Intel
Pentium M (1.70 GHz and 512 MB RAM) laptop, connected to the
multimeter, with the 2100 KI-TOOL 1.0 software at a rate of 1 sample
each 2 seconds.
Foam polyurethane
In Table 9 we can see the development of the theoretical calculation
of the delay in the heat transfer for a pair of 0.6 cm slices of foam
polyurethane (with a thermal conductivity of K = [0.14 − 0.39] w/mK).
Experimentally we obtained a heat transfer delay of 1.78 · 103 s which
would be equal to a thermal conductivity of 0.21 w/mK. As we can
see this value is between the ranges of the theoretical calculation.
Physical properties
x (m)

A m2

width

6 · 10−3

area

3.12 · 10−3

m (g)

mass

15.45

Measured variables
T o (K)

Initial temperature

281.72

T f (K)

Final temperature

291.74

Calculated variables
Ea,o (J/atom)

5.83 · 10−21

Initial average kinetic
energy per atom

Ea,f (J/atom)

6.04 · 10−21

Final average kinetic
energy per atom

# atoms (atom)
∆t (s)

9.30 · 1025

Number of atoms
heat transference time



9.51 · 102 − 2.65 · 103



Table 9: 0.6 cm measured magnitudes [63]

In Table 10 we can see the same for a pair of 1.2 cm slices. Experimentally we obtained a heat transfer delay of 4.73 · 103 s which
would be equal to a thermal conductivity of 0.26 w/mK. As we can
see this value is also between the ranges of the theoretical calculation.
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Physical properties
x (m)

A m2

width

12 · 10−3

area

3.63 · 10−3

m (g)

mass

30.20

Measured variables
T o (K)

Initial temperature

281.74

T f (K)

Final temperature

292.83

Calculated variables
Ea,o (J/atom)

5.83 · 10−21

Initial average kinetic
energy per atom

Ea,f (J/atom)

6.06 · 10−21

Final average kinetic
energy per atom

# atoms (atom)

Number of atoms

∆t (s)

heat transference time

1.82 · 1025


3.19 · 103 − 8.89 · 103



Table 10: 1.2 cm measured magnitudes [63]

It is, thus, theoretically and experimentally demonstrated that the
thicker the layer of polyurethane the bigger is the heat transfer delay.
Rigid foam polyurethane
In Table 11 we can see the development of the theoretical calculation of the delay in the heat transfer for a pair of 0.8 cm
slices of rigid foam polyurethane (with a thermal conductivity of
K = [0.14 − 0.39] w/mK).
Experimentally we obtained a heat transfer delay of 1.22·103 s
which would be equal to a thermal conductivity of 0.33 w/mK.
As we can see this value is between the ranges of the theoretical
calculation.
In Table 12 we can see the same for a pair of 1.8 cm slices. Experimentally we obtained a heat transfer delay of 6.06·103 s which would
be equal to a thermal conductivity of 0.35 w/mK. As we can see this
value is also between the ranges of the theoretical calculation.
It is, thus, theoretically and experimentally validated that the
thicker the layer of polyurethane the bigger is the heat transfer delay.
Also we see that rigid foam polyurethane has a higher thermal
conductivity than foam polyurethane.
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Physical properties
x (m)

A m2

width

8 · 10−3

area

3.85 · 10−3

m (g)

mass

15.75

Measured variables
T o (K)

Initial temperature

281.32

T f (K)

Final temperature

290.21

Calculated variables
Ea,o (J/atom)

5.83 · 10−21

Initial average kinetic
energy per atom

Ea,f (J/atom)

6.01 · 10−21

Final average kinetic
energy per atom

# atoms (atom)

Number of atoms

∆t (s)

heat transference time

9.48 · 1024


1.05 · 103 − 2.92 · 103



Table 11: 0.8 cm measured magnitudes [63]

Physical properties
x (m)

A m2

width

18 · 10−3

area

3.74 · 10−3

m (g)

mass

35.10

Measured variables
To (K)

Initial temperature

281.96

Tf (K)

Final temperature

291.89

Calculated variables
Ea,o (J/atom)

5.84 · 10−21

Initial average kinetic
energy per atom

Ea,f (J/atom)

6.04 · 10−21

Final average kinetic
energy per atom

# atoms (atom)
∆t (s)

2.11 · 1025

Number of atoms
heat transference time



5.40 · 103 − 1.51 · 104



Table 12: 1.8 cm measured magnitudes [63]

Rigid polyurethane
In Table 13 we can see the development of the theoretical calculation of the delay in the heat transfer for a pair of 0.4 cm
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slices of rigid polyurethane (with a thermal conductivity of K =
[0.14 − 0.39] w/mK).
Physical properties
x (m)

A m2

width

4 · 10−3

area

9.05 · 10−3

m (g)

mass

60

Measured variables
To (K)

Initial temperature

338.68

Tf (K)

Final temperature

297.67

Calculated variables
Ea,o (J/atom)

7.01 · 10−21

Initial average kinetic
energy per atom

Ea,f (J/atom)

6.16 · 10−21

Final average kinetic
energy per atom

# atoms (atom)

Number of atoms

∆t (s)

heat transference time

3.61 · 1025


8.48 · 102 − 2.36 · 103



Table 13: 0.4 cm measured magnitudes [63]

Experimentally we obtained a heat transfer delay of 8.74 · 102 s
which would be equal to a thermal conductivity of 0.39 w/mK.
As we can see this value is between the ranges of the theoretical
calculation.
We can see that rigid polyurethane has a higher thermal conductivity than foam and rigid foam polyurethane.
Proportionally it is possible to see that 1 cm of rigid polyurethane
is translated as 36.43 min of delay, which would be the recommended
monitoring rate due to the slow changes of temperature during the
composting process. If faster measuring were needed a compensation method can be used in order to estimate/compensate each time
the real temperature the capsule is trying to acquire. This problem
can be fixed by using a new method for estimating the final value of
a first-order system transient [33].
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2.4.3

Method for reducing response time in sensor measurement

The previous section has stated the type of delay provoked by a
plain model. However, we state that we are going to use a spheric
capsule. The heat transfer equation for a spherical model is [64]

1 ∂
r2 ∂r





1
∂
∂T
1 ∂2 T qG
1 ∂T
2 ∂T
+
r
+ 2
sinθ
+ 2
=
2
∂r
∂θ
k
α ∂t
r sin„ ∂θ
r sinθ ∂φ
(2.35)

As can be seen the equation has three space coordinates (r, θ , φ)
and time (t) as variables. This implies a complex analysis that would
e presumably better analyzed through simulation. Nevertheles, the
case we propose is placing a plain 15 x 3 mm Pt 1000 sensor separated 2 mm from the edge of a spheric capsule of radius 90 mm.
If we calculate the volume of sphere section in front of the sensor
we obtain 85,32 mm3 , whilst if it were a plain section it would be 90
mm3 . This gives a volume error of 5.21 %. This volume error will not
be much relevant when concluding that for a plain section or for a
sphere section the delay provoked in the measure is a predominating
first order system.
Many sensor and instrumentation systems may have transients
that extend their operation time, although they may sometimes give
information about a measured quantity[65]. As a result, many transient analysis have been developed for this purpose[66]. When no
information is contributed by the transient, it is desirable to reduce
the time required to find the final value. Temperature systems are a
typical example of systems in which transients are always present for
measurement purposes[67], for instance, sensor systems contained
in enclosures. Therefore, when two bodies of different temperatures
are brought into contact, energy will flow spontaneously from one
to the other[68]. This flow takes a certain time to be completed before the bodies reach a thermal equilibrium state. This effect may
be critical in certain situations. We may have a very slow system
in which a long time is required to receive the final value, or an
autonomous system in which sample-taking is a critical factor for
the battery life. Most of these system transients, in temperature or
similar applications, are modeled as first-order systems[69], and
the trend is often to use methods to optimally reduce the order of
systems[70].
Solutions already exist for measuring time reduction, but they
usually involve complex calculations such as estimating the delay
through complex operations[71]. Our objective now is to look for
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the final value of a first-order system using a method comprising
simple equations able to be implemented on interfaces with low
computational capacity, such as a microcontroller. This method has
to be able to estimate the value by taking a few samples at the
beginning of the transient. Therefore we will develop the generic
first-order equation for a step function input, propose the method
and simulate the theoretical model. Finally, an experimental setup
will be devised in order to validate the theoretical method.
Theoretical model
On a first-order system, the relation input x(t) and output y(t) is
defined as the differential equation

a1 ·

dy(t)
+ a0 · y(t) = x(t)
dt

(1)

If x(t) is an step function u(t), then the expression of the output
of a first-order system is defined as the following expression[56]

ti 
yi = (V f − V o ) · 1 − e− τ + V o

(2)

where yi is the value of a certain magnitude at a time ti , τ is the
delay constant, V o is the initial value and V f is the final value of the
magnitude. V f and τ are unknown quantities, but in this work V f is
the only variable to be estimated.
The objective is to develop a method with simple expressions, i.e.
formed by operations implementable on a low-cost microcontroller,
so the exponential term will have to be eliminated N samples can be
taken as displayed in Figure 20. For values of N above 3, the system
becomes mathematically very complex, thus we focus on N = 2, 3
to fulfill the objective of achieving a simple equation. The cases in
which the samples follow an arithmetic or geometric progression
will be studied, in order to find the optimal equation. Therefore
two cases have been studied: a) in which the samples are taken for
tx = k · t1 and b) in which the samples are taken for tx = t1 + k · 4t.
The system developed for tx = k · t1 and N = 2 is

y = (V − V ) · (1 − x) + V
o
o
1
f

y = (V − V ) · 1 − x2 + V
2

f

t1

where x = e− τ .

o

(3)
o
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Figure 20: Samples taken on a first order system (Vo < Vf )

If we isolate x in the first equation of the system and replace it in
the second, the final value V f can be estimated with

Vf =

y21 − y2 · V o
2 · y1 − y2 − V o

(4)

In the case of N = 3, the solution is

Vf =

y1 · y2 − y3 · V o
y1 + y2 − y3 − V o

(5)

For tx = t1 + k · 4t and N = 3, the system developed is




y1 = (V f − V o ) · (1 − x) + V o
y2 = (V f − V o ) · (1 − x · z) + V o



y = (V − V ) · 1 − x · z2  + V
3

f

o

t1

(6)
o

∆t

where x = e− τ and z = e− τ .
And the final value V f can be estimated with

Vf =

y22 − y3 · y1
−y1 + 2 · y2 − y3

(7)

(2.36)

Figure 21 shows the equations that result from solving the systems
of the different cases.
Equation (4), which results from the case N = 2 taking the samples
on tx = k · t1 , is a simplification of the other two cases, as displayed
in Figure 21.
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Figure 21: Resulting equations

Figure 22: Uncertainty of Equation (7) for dy1 /Vf = dy2 /Vf = dy3 /Vf =
[0.001, 0.01] in function of ∆t

Equation (7) does not depend on V o , which makes it suitable
when the initial value of an analyzed first-order system is unknown.
Equation (4) and Equation (5) do have this information, which is
equivalent to having an extra sample.
If we calculate the uncertainty of Equation (7) for y1 , y2 and y3
(asuming the uncertainty for systems of 10 and 8 bits) and we display
the relative uncertainty for Equation (7) in function of ∆t (which
can be expressed as ∆t = τ/4, depending on the system) we obtain
Figure 22.
Where
2

y2 − 2y2 y3 + y3
dVf
=
dy1
(−y1 + 2y2 − y3 )2

(2.37)
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−2y2 y1 + 2y22 − 2y2 y3 + 2y3 y1
dVf
=
dy2
(−y1 + 2y2 − y3 )2

(2.38)

y21 − 2y2 y1 + y22
dVf
=
dy3
(−y1 + 2y2 − y3 )2

(2.39)

As we can se, the more separated the samples are, the less uncertainty.
Simulation
On a real application, the value of V o , y1 , y2 and y3 have an uncertainty due to different kinds of disturbance. In order to see the
sensibility of our equations in front of these disturbances, we simulated a first-order system with an added Gaussian noise signal. The
first-order system had an amplitude of ± 2 V and a delay of 1 s. The
simulation was performed using the commercial software Matlab
R2006b v.7.3.0.267.
Figure 23 and 24 show the error of the calculation made using
equations (4), (5) and (7) for 8- and 10-bit systems, respectively which
is what our system requires according to our specifications (SNR of
the analyzed first order 48 and 60 dB). This error depends on when
the last sample (time measured, tm ) was taken. For Equation (7) two
situations are described, one in which the samples are separated τ/2
and one for τ/4. The graphs are represented with discretized data,
taking a limited number of samples, enough to see the behavior of
the equations.
All the cases show that the later in time the samples are taken,
the lower the error is. This was expected because faster amplitude
variations are found at the beginning of a first-order system.
The measuring time of all equations is the same, which means that
their behavior is also the same. However, Equation (4) appears to
behave better during the earlier measured times, whereas Equation
(7) has a better performance when the samples are sufficiently separated in time. The difference may matter for 8-bit systems, but it
becomes insignificant for 10-bit systems. Therefore, in applications
with a high SNR, any of the three equations can be used without
too much trouble.
If we compare the result for Equation 7 ∆t = τ/4 in these figures
with the one in Figure 22 we see that the same levels of uncertainty
are achieved for both 10 and 8 bits.
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Figure 23: Error of the calculation depending on when the last sample
(time measured tm ) was taken, using the different equations
(8-bit systems)

Once the behavior of the three equations is known, we need to
learn the time required to obtain an acceptable level of error.
Table 14 shows when the last sample (tm /τ) should be taken in
order to obtain an error lower than 1 % (a value close to the quantification error on 8-bit systems), and the delays (τ) that a first-order
system may have in time. These are specific values found by simulating the application of the three equations in 8-bit systems, which
means that each value was found by doing a single simulation, so
the values have a high variation due to noise. Equation (7) analyzes
the case of the samples that are separated τ/2.
A wait of around 2.7·τ is required (taking into account the worst
case) if the equations of Figure 21 are used, whereas around 4.6·τ
would be required if the generic Equation (2) were used to obtain
an error lower than 1 %. Consequently the same result is achieved
in 59 % of the time previously needed for 8-bit systems.
The time required to achieve an error lower than 0.1 % (a value
close to the 10-bit system quantification error) in a 10-bit system is
shown in Table 15, which is the result of simulations made using
the same characteristics as those displayed in Table 21.
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Figure 24: Error of the calculation depending on when the last sample
(time measured tm ) was taken, using the different equations
(10-bit systems)

τ (s)

Equation 4

Equation 5

Equation 7
(4t = τ/2)

1

2.5

2.7

2.5

10

2.2

2.7

2.5

100

2.1

2.7

2.6

300

2.0

2.5

2.3

600

2.0

2.6

2.3

1000

2.5

2.5

2.5

Table 14: Relation between tm and τ for 8-bit systems

In this case, we would have to wait 4.5·τ using the equations of
Figure 21, and around 6.91·τ using the generic Equation (2). Thus,
the same result is obtained in 65 % of the time previously needed
for 10-bit systems.
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τ (s)

Equation 4

Equation 5

Equation 7
(4t = τ/2)

1

4.0

4.0

4.0

10

4.5

3.5

4.3

100

4.0

3.7

4.0

300

4.0

3.8

3.8

600

4.5

4.0

4.0

1000

4.3

3.8

4.3

Table 15: Relation between tm and τ for 10-bit systems

Materials and method
The following experiment was set up to test the equations of Figure
21. We set up a first-order circuit supplied by the Agilent 33220A
signal generator (internal resistance of 50 Ω) with a squared signal.
The charge and discharge of the capacitor was obtained using an
acquisition system and the data was analyzed.
The main interest is finding the final value of a first-order for
situations where the system response is very slow. Thus, a high
value of R, C, or both is necessary. But a high value of R can produce
charge effects with the output impedance of the acquisition system.
Furthermore, C cannot be much higher than 1 μF in order to avoid
the use of an electrolytic capacitor. Therefore, the values chosen for
R and C were 1 MΩ (1 % tolerance) and 1 μF (plastic package, 10 %
tolerance), respectively, in order to theoretically have a delay of 1 s.
We decided to simulate a high delay, although Table 14 and 15 show
that the method does not depend on the delay.
Two tests were carried out, one acquired with an Agilent Infiniium
MS08104A oscilloscope in order to emulate 8-bit systems, and one
with an Eagle Data Acquisition (DAQ) uDAQLite for 10-bit systems.
In the test carried out with the oscilloscope, the voltage supplied
by the signal generator was ± 2 V with a frequency of 50 mHz
(in order to see 10·τ of the charge and the discharge), and the
data was acquired at a 5 kSamples/s rate. With a calibrated probe,
the oscilloscope has a 10 MΩ internal resistance and a few pF
of capacitance. Therefore, the delay will be 0.91 s, plus a certain
uncertainty due to the uncertainty of the elements in the circuit.
In the test carried out with the DAQ, the voltage supplied by the
signal generator was ± 5 V, with a frequency of 50 mHz, and the
data was acquired at a 6 kSamples/s rate. The DAQ has a 2 MΩ
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internal resistance and a negligible capacitance. Thus, the delay is a
0.67 s delay plus an uncertainty.
A charge and a discharge of the capacitor were acquired for each
test and their SNR was measured. In the case of the oscilloscope,
both the charge and the discharge had an SNR of 43 dB; for the
DAQ, the charge had an SNR of 59 dB and the discharge had an
SNR of 58 dB. The SNR was measured by taking a one standard
deviation (1σ) of the noise in the signal and calculating it using
Equation (8).

SNR = 20 · log

∆V
σ

(8)

where 4V is the change (Vmax − Vmin ) of voltage performed by
the first-order.
Since we found different SNR levels in each signal, the worst
values of each case were taken.
Experimental results and discussion
The equations of Figure 21 were applied to the charge and the
discharge of both tests in order to see how good they are when
calculating the V f of a real signal.
In the case of the oscilloscope, the final value tends to 2.03 V for the
charge and -2.03 V for the discharge. These values were calculated
based on the mean of the last 10 % of samples, and the delay of both
cases was 0.97 s.
Figure 25 and 26 show that Equation (4) appears to work better, as
in the theoretical simulation. However, the Simulation shows that,
over time, the use of Equation (4) or Equation (7) when 4t = τ/2 is
indifferent. Moreover, Equation (5) seems to behave worse than the
other two.
In the case of the DAQ, the final value tends to 3.85 V for the charge
and -2.96 V for the discharge. Again, these values were calculated
according to the mean of the last 10 % of samples, and the delay
of both cases was 0.71 s. These values are not just the result of an
attenuation due to a voltage divider given the connection between
the first-order circuit and the acquisition system, but also of an offset
voltage addition introduced by the DAQ.
Figure 27 and 28 show that the difference is lower using the three
equations than in the case of the oscilloscope, because the SNR is
bigger.
Figure 28 had two samples of Equation (7), when ∆t = τ/4, that
tended to infinite between 9·τ and 10·τ. This is because the samples
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Figure 25: Error of the different equations applied to the charge acquired
with the oscilloscope

Figure 26: Error of the different equations applied to the discharge acquired
with the oscilloscope
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Figure 27: Error of the different equations applied to the charge acquired
with the DAQ

Figure 28: Error of the different equations applied to the discharge acquired
with the DAQ

2.4 capsule

were taken very close, and at the end of a first-order system the
amplitude of the samples barely varies; as shown in Equation (7), if
the samples have a very similar value, the denominator tends to 0,
and thus the result tends to infinite.
The error in Figure 25, 26, 27 and 28 has a similar distribution
to that in Figure 23 and 24; thus, the error of the real application
behaved like that of the simulation. The error was then quantified at
certain times to see if there was any difference.
The maximal error was measured from a certain time to 10·τ
(Table 16), which is pessimistic information as points can digress
too much from the right value. Measurements were made of the
standard deviation and the mean of the error of the same point
and its 4 consecutive points (Table 17), which clarified whether
there was a high digression. In the case of 8-bit systems (43 dB), we
measured it from 2.5·τ, and in the case of 10-bit systems (58 and 59
dB) we measured it from 4.0·τ. These points correspond to the points
described in Table 14 and 15 to find a full scale relative error (U)
of 1 % and 0.1 %, respectively, for the simulation of the theoretical
model.
SNR (dB)

43

U (%)

Characteristics

Equation 4

Equation 5

Equation 7

2.5 (2.6)

8.9 (10.1)

4.9 (3.6)

Charge,
oscilloscope

43

2.6 (2.6)

10.6 (7.4)

3.0 (3.6)

Discharge,
oscilloscope

58

0.5 (0.6)

2.9 (3.9)

0.5 (0.6)

Charge,
DAQ

59

1.1 (1.2)

1.5 (3.0)

0.7 (0.9)

Discharge,
DAQ

Table 16: Maximal error of the experimental and theoretical results from
2.5·τ (8-bit) and 4.0·τ (10-bit) to 10·τ (numbers between brackets
in the table correspond to the application of the equations with
theoretically generated data)

The cases are displayed in Table 16 and 17: a charge and a discharge
for two SNR levels for each equation. The first shows that the higher
the SNR, the lower the earlier U.
The charges and discharges were computably created with the
same characteristics as the experimental ones (enumerated in Ma-
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U (%)
SNR (dB)

43

43

58

59

Equation 4

Equation 5

Equation 7

Characteristics

Mean, σ

Mean, σ

Mean, σ

0.52, 0.25

0.46, 0.53

0.58, 0.29

Charge,

(0.40, 0.25)

(0.51, 0.27)

(0.40, 0.20)

oscilloscope

0.66, 0.22

0.61, 0.56

0.51, 0.26

Discharge,

(0.66, 0.20)

(0.53, 0.27)

(0.52, 0.27)

oscilloscope

0.08, 0.04

0.14, 0.12

0.07, 0.05

Charge,

(0.09, 0.04)

(0.08, 0.04)

(0.08, 0.04)

DAQ

0.11, 0.10

0.09, 0.07

0.10, 0.08

Discharge,

(0.09, 0.04)

(0.09, 0.06)

(0.09, 0.04)

DAQ

Table 17: Mean and standard deviation of the error of the experimental
and theoretical results in tm =2.5·τ (8-bit) and 4.0·τ (10-bit) and
its 4 consecutive points (numbers between brackets in the table
correspond to the application of the equations with theoretically
generated data)

terials and method and at the beginning of this section) in order to
compare results.
Table 16 shows that, as described for the graphs of the tests and
the theoretical simulation, the Equation that has the worst U from
these points to 10·τ is (5). The theoretical simulation and the tests
have similar results except for certain cases in which there might
be an isolated disturbance that digresses a great deal from the right
value.
Table 17 demonstrates that averaging all Equations have similar
results. This means that Equation (5) causes certain high-error digressions, and that the remaining points are closer to the right value
than they were in Equations (7) and (4), with averaging results on
the same U.
Conclusions
A method for estimating the final value of a first-order system has
been developed. The equations involved are simple expressions
implementable on interfaces with a low computational capacity as
a microcontroller. For 10-bit systems and in order to have an error
lower than 0.1 %, this method allows the final value to be found
in 65 % of the time required using the first-order system generic
equation. For 8-bit systems, to have an error lower than 1 %, the final
value can be found in 59 % of the time. Therefore the behavior of
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the error in the calculation is lower earlier, and if we wish to reduce
the possibility of having negative digressions on the error we can
realize the mean of calculations taking the samples at consecutive
moments.
The model can be used in our autonomous system to save processing time and thus decrease its overall consumption with a negligible
error introduction.
2.5

conclusions

We have designed a temperature system that autonomously measures temperature of compost from the inside of a capsule. The
following conclusions have been extracted from the development:
1. We have compared two different conditioning methods: classic
conditioning and a direct interface sensor-to-microcontroller.
We found that the main consumer of the classic consumption
is the excitation stage and that depending on that varying
the resistances the consumption/resolution trade-off can be
optimized. The direct interface method has proved to consume
much less than the classic conditioning at the cost of some
resolution. Still the resolution provided by the direct interface
method is more than enoguh for most of temperature sensing
applications.
2. We have studied different materials for the protection of the
circuit and found that depending on the material the delay on
the sensing of temeprature varies.
3. To counteract the delay in the temperature measuring we have
developed an algorithm to estimate the final value of the delayed measure of temperature. In other words, while the outside temperature is being acquired by the whole body of the
circuit protective material at the rate of a first order, our algorithm can estimate what the temperature is by taking some
initial samples reducing the measuring time to 60 % of what it
would take otherwise.
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2.6
2.6.1

experimental tests
Lab tests

Some lab tests were performed in order to see the uncertainty and
the accuracy of the measuring system. Also, they served us to see
the behavior of the system when measuring inside the polyurethane
capsule.
The MCU of our temperature system was programmed with IAR
Embedded Workbench 4.21 in a mix of both C and assembler (the
main program in C and the timer capture for the direct interface in
assembler to have an exact timing). The performance of the MCU
has been divided in two: the monitoring and the uploading of the
recorded information.
For more information regarding the program implementation
please refer to Appendix ??.
Continuous measuring
This experiment consisted on the continuous measure of a controlled
temperature provided by a HAR9102S temperature chamber, in order
to see the accuracy and the precision introduced by our system.
The circuit was supplied by a FAC-662B power supplier and the
temperature range measured was from 20 to 70 °C with increments
of 10 °C. For each temperature around 100 measures were taken.
In Table 18 we can see the standard deviation and the mean of
the continuous measuring of each temperature. In terms of accuracy,
the maximal error in the measure was of 0.31 °C and the mean error
was 0.17 °C. Most of this error is systematical implying that it can
be decreased by calibrating. In terms of precision we can see that
the maximum standard deviation of the 6 measures is 0.25 °C.
If a two-point calibration is applied to the mean of the measures
(T cal = T meas · 99.71 · 10−2 − 5.6 · 10−4 ) the maximal error in the measure results 0.19 °C.
As we can see our system fulfills the accuracy specifications even
without calibrating as we were expecting from the use of a direct
interface sensor-to-microcontroller conditioning.
Our system accuracy, though, is more than twice worse than our
specifications. There are many possible reasons behind this fact,
like the heating and cooling cycles of the climatic chamber or the
precision of the components of the conditioning system. To solve
it we can use high accuracy components which can significantly
improve the accuracy performance. On the other hand, we can also
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Chamber

Circuit Maximal

Circuit

Calibrated

temperature (°C)

deviation (°C)

Mean (°C)

Mean (°C)

20.0

0.05

20.06

20.00

30.0

0.13

30.15

30.06

40.0

0.25

40.19

40.07

50.0

0.19

50.18

50.03

60.0

0.04

60.20

60.03

70.0

0.15

70.21

70.00

Table 18: Continuous measure test results

average several samples in order to improve the accuracy as long as
we agree with the increase in consumption it would imply.
Measure inside the capsule
The experiment consisted on the designed circuit measuring temperature inside the ball during 64 hours. The capsule was cut in
half and emptied, leaving a cavity of the circuit volume. The circuit
was programmed and subsequently inserted inside the ball, which
finally was sealed with hot glue. Figure 29 shows the circuit inside
the ball and a ball sealed with the circuit inside. In section 2.4.2, it
was theoretically and experimentally seen that the bigger the width,
the higher the transference time independently of the temperature
change. Therefore, the temperature sensor was placed as close to
the border of the capsule as long as it is protected against blows (0.6
cm).

Figure 29: Circuit inserted into the High Bouncing balls

A measure was taken each 15 minutes. In parallel a Delta Ohm 9406
Thermometer Hygrometer probe was used as a reference measuring
at the same rate and during the same time. The result of the test can
be seen at Fig. 30. The maximum difference between the probe and
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the circuit was less than 0.4 °C, which is the worst scenario in which
the error of the circuit and the error in the probe are combined.

Figure 30: Measure inside the capsule of the answer to a temperature step.

Then the capsule was tested by introducing it from a temperature
of around 21.5 o C to a fridge at around 9 o C. The system measured 1
sample per minute during half an hour to take part of the acquisition
of the temperature. The result can be seen in Fig. 31.

Figure 31: Measure inside the capsule (1 sample per measure)

If we apply the method for reducing response time (in this example
with Equation (4)) in sensor measurement we could safe measuring
time by using equation 2.36. As we can see in Figure 32, the tendence
is that the later we apply the method the less uncertainty. More

2.6 experimental tests

experimental data points and a longer measure time would be
needed to see the whole development of the uncertainty.

Figure 32: Uncertainty of applying the method to the experimental data

Measure inside ground
The experiment consisted on the designed circuit measuring temperature inside the ball and at the same time inside a pot filled with
ground, with the dimensions shown in Fig. 33, in order to simulate
the conditions of the composting material.

Figure 33: Pot measures distribution

The experiment lasted around 7 hours and the measuring rate was
one sample each 15 minutes.
The Thermometer Hygrometer was inserted in the pot as a reference measuring at the same rate half an hour later when the circuit
would have acquired the same temperature as the pot and until the
same time.
As can be seen in the results of Fig. 34, the circuit has a minimal error compared to the measure of the probe. The maximum difference
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Figure 34: Results of measuring inside ground

between the measure of the circuit and the measure of the probe
was 0.13o C.
2.6.2

Field tests

Some field test measures are needed in order to check the proper
operation of our system inside the capsule and within the real
environmental conditions.
Measure on pile
The experiment consisted on the designed circuit measuring temperature inside the ball and at the same time inside a pile of compost in
the curing stage located at the Parc Mediterrani de la Tecnologia (PMT)
(Fig. 35).In parallel the Thermometer Hygrometer was inserted in
the pile as a reference measuring at the same rate.

Figure 35: Pile in maturing stage

2.6 experimental tests

The circuit was introduced into the pile 3 hours before the probe,
in order for the circuit to reach the temperature of the pile and avoid
observing the delay in the answer. The probe measured during 20
min and both of them measured at a 1 sample per minute rate.

Figure 36: Result of the second test inside the compost pile

As we can see in Fig. 36, the temperature of the pile has been
acquired by the circuit and is measuring as if it were outside in the
air. Similar to previous results, the maximum difference between the
circuit and the reference is less than 0.5 °C. We can see that there is
a difference in the measure of the circuit and the probe, this difference that seems as if they were measuring different temperatures
comes mainly for the position difference between the probe and the
circuit. In field tests during the compo-ball project was later showed
that slight differences in the position implied great changes in the
measure (e.g. half a meter may imply more than 10 degrees change).
Measure on composter
A similar experiment was realized but in a composter (Fig. 37)
during the initial stage of the composting process. The circuit was
buried inside the compost and a Crison Temperature probe was
placed next to it. Both the probe and the circuit were measuring at a
1 sample each 5 min rate during 30 min.
In Fig. 38 we can see the temperature evolution measured by
the probe and the circuit. As we can see there is a delay error in
the measure of the circuit. One could think that if the answer of
the composting pile in front of our system was a ramp our system
would not be able to reach the right measure ever. That is correct, but
as said in at the beginning of this chapter, changes of temperature
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Figure 37: Composter

during the composting process are really slow, and hence our system
would be able to follow these changes with a smaller error. In this
case, the change of temperature in 30 minutes is of 0.8o C and the
maximum error between probe and circuit is of 0.3o C.

Figure 38: Test inside the composter

Also we can see that the maximum delay in the measure is of 7
minutes. The sensor was placed 3 mm inside the ball, and the ball
was a foam polyurethane ball, around 100 g and a 12 cm diameter.
Theoretically, with this data the delay suffered by a measure should
be of 8.62 min. The reason why our measure is better is because the
model is not completely uniform and the sensor is not between two
equal masses and volumes, the delay decreases since its nearer from
the heat focus due to the heat-transfer principles.

2.6 experimental tests

Measure with 4 reference probes
The placement of the reference probe with which we compare our
sensors can provoke a great variation in the measure. To show this
behavior four probes were attached around one of the sensors with
a 90 ° separation (Figure 39). The measure was realized at Happs’
plant (Netherlands) by the Compoball project team.

Figure 39: Our sensor with four probes attached to its surface with a 90 °

In Table 19 we can see that the maximum difference between
probes is 2 °C and the maximum difference between our sensor and
the probes is 1.2 °C. This way we can see how the measure of the
probe can have affected to the comparisons realized in the previous
tests.
Sensor
T (°C)
42.7

Probes T (°C)
41.9, 41.9, 42.4, 43.9

Mean

Max. difference

T (°C)

between probes T (°C)

42.3

2

Table 19: Experimental measures with our sensor and four probes attached
to its surface

Long measure on pile
During the development of the Compoball project a test was realized
at Manresa’s Composting plant with a system measuring during
almost 2 months inside of a pile (from November the 27th to January
the 22nd). In Fig. 40 we can see the results obtained from the tests.
As we can see, the temperature measure starts with high values
during the decomposition stage and slowly decreases to lower values where it stabilizes during the curing stage. The evolution in
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Figure 40: Test inside pile for two months

temperature was not continuous as there were moments in which
the compost was turned over to aerate it, and as such the sensors
were moved in position. At some points the sensors were moved so
far away (or outside of the pile) that the data communication was
impossible.

I am not young enough to know everything.
— Oscar Wilde, dramatist

3

C O M M U N I C AT I O N S Y S T E M

3.1

state of the art and proposed solution

In order to interact from the outside of the compost with the sensor
systems or between them, we will need a data communication
system. There are not known studies related to the transmission
inside compost and thus this feature becomes critical and innovative.
Compost is well known for being a very heterogeneous material
[72] which can be mainly divided into water, organic matter and
air. In terms of wave propagation the attenuation that a transmitted
signal has when going through a material is very big on water
particles [73], smaller on organic matter (similar to underground
[74]) and much smaller on air (Figure 41). Therefore, the more
humidity or density in the material the more attenuation will affect
a transmission.
As stated in the first chapter, humidity decreases and density
increases along the composting process (Fig. 44). During the decomposition stage humidity levels are in its highest levels (up to 80
% and typically between 50 and 60 % [5]) and, as time goes by, it
gradually decreases until its lowest levels in the curing stage (Figure 42). Density, on the other hand, behaves the other way around

Figure 41: Theoretical transmission through compost
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Figure 42: Humidity evolution (extracted from [3])

Figure 43: Density evolution (extracted from Table 3.2 from [75])

(Figure 43); it starts with a very low compost density from the decomposition stage (over 100 kg/m3 ) and ends up with a high value
of density during the curing stage (typically over 500 kg/m3 and
with maximum values of 800 kg/m3 ) [75]. Changes on humidity
and density affect the value of the material relative permittivity [76],
and as such, they affect the performance on communications. When
humidity increases, the communications get worse and the same
for density. Hence, if we take a look at the qualitative reprsentation
from Fig. 44 we see that the behavior of communications in compost
will more or less behave the same during the whole process, since
this two magnitudes compensate each other.
As such, compost in the earlier stages has a high level of water, and
the extreme environment for transmission would be underwater [77]
(as used for submarines). On the other hand, compost in the final

3.1 state of the art and proposed solution

Figure 44: Qualitative evolution of humidity and density during the composting process

stages has a low level of water and a very high density with a relative
permittivity similar to soil, and hence, its transmission is similar to
underground [78] (as used for the communication in mines[79]). The
whole process, though, implies a variation of the characteristics of
the transmission environment, as such, the transmission in compost
can be seen analogue as the transmission in grain [80].
Sonar waves are the most extended transmission method for the
underwater acoustic channel, that is characterized by a path loss
that depends not only on the transmission distance, but also on the
signal frequency [81]. This method, though, is very complex and very
expensive to apply. However, it shows us that an environment with
a very high level of water content would rely on lower frequencies
for transmission and that is what one could expect for the earlier
stages of compost.
There are studies that show that the heterogeneous composition of
the underground medium requires a very good characterization for a
proper deployment of underground wireless devices [78]. Moreover,
those studies specify the frequency range of 150 to 900 MHz to take
under consideration when characterizing the underground medium
[79]. Still, ground has very similar properties as compost in the final
stages and as such it can be seen as a reference for the transmission
model.
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On the other hand, compost can be compared to grain due to
their similar heterogeneity and very similar relative permittivity
(as we will find in the following chapter compost has a relative
permittivity from 4 to 13 depending on the stage of compost and
grain has a relative permittivity from 3 to 12 depending on the type
of grain), we also should refer to its examples to look for the proper
transmission method. Studies in grain monitoring with wireless
transmission have shown that the most effective transmission is
the RF band and more specifically the 433.05 - 434.79 MHz free
frequency band [82, 83]. Studies of RF transmission in grain indicate
that the maximum distance can be up to 10 m transmitting at 30
dBm and 500 MHz[84] (which would be an acceptable distance
for transmission in compost). Another study, worked with a much
higher frequency band (around 915 MHz) transmitting at 0 dBm. In
this case the maximum transmission distance was reduced to 1.1 m
[85].
Therefore, we see that transmission seems possible on compost for
proper values of power, frequency band and distance. To determine
the behavior of compost for wireless communications, an experimental characterization of the compost as a transmission environment
will be realized. Simulations are not used in this characterizations
since compost is a very heterogeneous material which makes it impossible to model and also, due to the unknown distance between
transmitter and receiver.
In the following chapter we will look for the free frequency bands
in which communications are possible and in which commercial
devices are available. We will describe the communication system
and its commercial devices. Finally, some tests with the commercial
devices will be realized to try to theoretically model the transmission in compost in function of a distance between 1 and 10 meters
(acceptable distance range for the length of a typical compost pile).
3.1.1 Theoretical model
The attenuation theoretical model for different transmission environments can be as simple as Coulomb’s law for the magnitude of
the electric field (E) created by a single point charge (q) at a certain
distance (d) in the free space [86]:

E=

1 q
4πε0 d2

(3.1)

3.1 state of the art and proposed solution

or the simplified formula for the path loss (L) in the air for RF
transmission [13]

L (dB) = 20log

4πd
λ


(3.2)

where d is the distance the wave travels and λ is the wavelength.
or even as complex as the Okumura-Hata wireless communication
model for predicting the behavior of cellular transmissions in urban
areas. There, the path loss is

LU (dB) = 69.55 + 26.16log (f) − 13.82log (hB ) − CH +
+ [44.9 − 6.55log (hB )] log (d) (3.3)
where f is the transmission frequency in MHz, hB is the height
of the base station antenna, CH is the antenna height correction
factor (also known as antenna factor) and d is the distance between
the base and mobile stations in km. As we can see, the higher the
frequency the higher the attenuation of the environment.
In the case of small or medium sized cities

CH = 0.8 + (1.1log (f) − 0.7) hM − 1.56log (f)

(3.4)

and for large cities

 8.29 (log (1.54h ))2 − 1.1, if 150 6 f 6 200
M
CH =
 3.2 (log (11.75h ))2 − 4.97, if 200 < f 6 1500
M

(3.5)

where hM is the height of the mobile station antenna.
This last model is suited for both point-to-point and broadcast
transmissions in urban areas and it is based on extensive empirical
measurements taken, and as such, it is very complex to apply to our
case because the size of the antennas is really small. This implies
that, according to this model (Equation 3.3) and considering an
antenna of 1 m, our wave would attenuate at a minimum rate
of 1/d4.49 approximately and would attenuate more for smaller
antennas (1/d[4.49−0.655log(hB )] ).
We stated that one of the most analogue studied material to transmission inside compost is grain together with ground. Hence, we
would expect compost to have a similar attenuation theoretical

71

72

communication system

model and similar relative permittivity (around 12). According to
[80] the attenuation theoretical model for transmission inside grain
is
P = Pt e−2d¸

(3.6)

where P is the received power, Pt is the transmitted power, d
is the distance in the direction of travel and α is the attenuation
constant that can be expressed in nepers/m and in terms of dielectric
properties as [87]
2π
α=
λo

r


ε 0 √
1 + tan2 d − 1
2

(3.7)

where λo is the free-space wavelength (a value used as a reference to compensate), ε 0 is the dielectric constant (function of the
frequency) and tanδ is the loss tangent often used as an index of
energy dissipation or loss in a material exposed to RF or microwave
fields.
As we can see, the higher the frequency or the relative permittivity,
the higher the attenuation.
Attenuation, though, is often expressed in decibels/m. In terms
of power densities and electric field intensity values, this can be
expressed as



Po
Eo
10log
= 20log
= 8.686¸z
P (z)
E (z)


(3.8)

where Po is the power at a point of reference, P (z)is the power in
function of the distance, Eo is the electric field intensity at a point
of reference and E (z) is the electric field intensity in function of the
distance.
The attenuation in decibels, combining equations 3.7 and 3.8, can
be expressed in terms of the dielectric properties as follows
00
∼ 8.686πε
√
α=
λo ε 0

(3.9)

only when (ε 00 )2  (ε 0 )2 , where ε 00 is the dielectric loss factor.
In conclusion, there is no communication model in the inside of
compost nor an optimum transmission frequency. Approximately,

3.1 state of the art and proposed solution
−¸d

air attenuates at a 1/d2 rate, grain attenuates at e , and in a city
at 1/d4.49 . There is a need for frequential characterization measures
for compost which would be used to select the frequency and adjust
the behavior to one of the previous models.
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3.2

3.2.1

compost characterization as a transmission environment
Method

The characterization of compost as a transmission environment
was realized with a very simple method (Fig. 45). We transmitted
through compost and measured the receiving signal spectrum from
10 MHz to 500 MHz (as stated in the case of grain in the state of the
art at 500 MHz we can transmit until 10 m, with lower frequencies
we are supposed to transmit farther). With the same setup and
configuration, we did the same in the open air. We compared those
two results to know what the attenuation is due to compost.

Figure 45: Characterization method

Furthermore, we also measured the transmission underground.
Grain is more difficult to obtain and soil is an environment analogue
to compost in the curing stage. As stated in the first chapter, transmission through compost should have the same characteristics as
underground communications and comparing the two results we
can somewhat validate them.
3.2.2

Experimental setup

The experimental setup (Fig. 46) consisted of two 490 MHz rod antennas buried into a compost pile, separated by ten meters (the maximum transmitting distance at 500 MHz). The transmitting antenna

3.2 compost characterization as a transmission environment

was connected to an Amplifier Research 10W1000C gain amplifier,
which, in turn, is connected to a Hameg HM 8133-2 signal generator.
The receiving antenna was connected to a Rohde & Schwarz FSH3
spectrum analyzer measuring signal power level from 10 to 500
MHz.

Figure 46: Experimental setup. (left) Signal generator and gain amplifier.
(right) Spectrum analyzer.

The spectrum analyzer was configured to measure the maximum
signal level and the signal generator realized a frequency sweep
from 10 to 500 MHz with a transmitting power P1 .
The power received by the spectrum analyzer depends on the gain
distribution over the experimental setup. In Fig. 47 you can see the
propagation of the power since the generation of the signal until its
reception.

Figure 47: Power propagation model

Hence, the power received (P2 ) is defined as

P2 (f) (dB) = P1 (dB) + G (dB) + AF (f) (dB) + A (f) (dB) + AF (dB)
(3.10)
where G is the gain of the amplifier, AF is the antenna factor, and
A is the attenuation of the signal when being transmitted through
an environment which is frequency dependent. As we can see the
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models shown in the theoretical model section, correspond to the
same variables shown in this generic equation.
The gain amplifier allows adjusting the gain level, but the exact
amount of gain is not specified. The gain level used in all the experimental tests was characterized by some fellow members of the
European project. The input of the gain amplifier was connected to
a signal generator and the output was connected to the spectrum
analyzer. With a frequency sweep from the generator and the analyzer measuring the maximum signal level the gain shown in Fig.
48 was obtained.

Figure 48: Gain characterization

As it is possible to see, the gain level oscillates around 34 dB with
a frequency response of around ±1.25 dB from 10 MHz to 600 MHz.
The antenna factor can be measured with the input reflection from
the scattering parameters (aka S11 ) using a Rohde and Schwarz ZVL
Network Analyzer.
As can be seen in Fig. 49, the antenna factor of the antenna in air
is around its design frequency (490 MHz), but when the antenna
is buried underground there is a slight detuning that displaces the
frequency to around 480 MHz and its reflexion decreases to almost
-18 dB. In the case of compost, the antenna factor main frequency
is displaced even more to a frequency of around 440 MHz but its
reflexion level is around -11 dB. As we can see, introducing an
antenna with a design frequency characterized for the air implies a
displacement in the design frequency when using the antenna on
other environments. This includes the antenna mismatch effect due
to the effect of the protective material, that is why, when designing
an antenna with a protective material, a compensation network must
be taken into account to counteract this effect.

3.2 compost characterization as a transmission environment

Figure 49: Dipole antenna factor characterization

In order to see how trustful those results are, the repeatability in
the antenna factor measurement was analyzed. The S11 parameter
was measured with the Network Analyzer for compost and air for
two cases in which one day we measured in a pile from Barcelona
and another day in a pile from the city of Sitges.

Figure 50: Dipole antenna factor repeatability

As we can see in Fig. 50, the repeatability of the antenna factor
measurement in air is good (maximum 3 dB difference) but with a
slight displacement in the main antenna frequency respect to that
in Fig. 49. Also, there is an isolated peak in a frequency around
150 MHz which always more or less appears. The repeatability in
compost is slightly worse than air with isolated peaks.
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The antenna factor in compost has different repeatability when
comparing Fig. 49 and 50. In Fig. 49 we have an antenna factor of
-11 dBs at 440 MHz and -9 at 480 MHz and in Fig. 50 we have -13
dB at 440 MHz and -12.5 dB at 480 MHz in Sitges and -9.5 dB at 440
MHz and -13 dB at 480 MHz in Barcelona. Since we cannot directly
subtract the antenna factor from the received signal due to its not
perfect repeatability, we will have to take it into account qualitatively
when analyzing the results of the test for each environment.
Therefore, since the gain and the antenna factor can be considered
in our configuration, the attenuation of the signal when transmitted
can be estimated.
3.2.3

Results

The captures realized by the spectrum analyzer in the cases of
compost and air were compared in Fig. 51. The power of the signal
generated was P1 = 0 dBm (the typical power transmission for
free-band ISM transmission systems). As can be seen, there is an
attenuation of around 20 dB for a 10 m distance when transmitting
through compost respect to transmitting through air (it can be seen
clearer if we take a look at the 434 MHz band). That was expected
since compost has a higher relative permittivity (εr = [4, 13]) than
air (εr = 1) and, as such, it reflects more power.

Figure 51: Air-compost comparison

We can see that at the lowest levels compost remains at around the
same level and air dramatically drops, the reason behind this may
be due to a coupling effect of the antennas. Since our equipment is
connected to ground there may appear some parasitic capacitances.

3.2 compost characterization as a transmission environment

Besides, the wavelength is lower the lower the frequency and we are
not working at far field.
One could also think of a positive effect of the antenna factor at
low frequencies, but we have already determined that this does not
happen. Finally, it is possible that, due to been a good conductor,
the transmission model of compost favors low frequencies.

Figure 52: Air-soil comparison

In a similar way, we can see in Fig. 52 how the signal is attenuated
more in soil than in air. It is more difficult to see a constant difference
but the level of the signal in soil is most of the time under the level
of the signal in air. As before, the level of the signal in the air at low
frequencies drops for the same reason.
In general we see from Figures 51 and 52 that the power ranges
received for each environment approximate to Pr,air = [−25, −60] dB
for air, Pr,soil = [−35, −70] dB for soil, and Pr,compost = [−40, −75] dB
for compost. As can be seen, compost and soil attenuate more
than air, as one could normally think. On the other hand, compost
attenuates more than soil, probably for the high humidity content of
the mixture. We can say at this moment that compost is valid as a
transmission environment since its power can be received over 80
dB on some frequency bands for these specific conditions (distance
10 m, power transmitted 0 dBm and antenna factor centered around
433 MHz) as it is in soil. It is important to say that the repeatability
of air comparing these two figures is pretty bad, this is mainly due
to the extreme different conditions in the measure. These measures
were taken in different days, locations and times, and some other
conditions like equipment and position may have affected as well
because otherwise the difference would not have been that high.
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(a)

(b)

Figure 53: Signal and noise repeatability. (a) Air. (b) Compost.

If, as in the antenna factor, we measure the power of the signal
transmitted through air and compost in two different times and
places, we can determine the repeatability on the tests. Again, the
locations for the two tests where one day a compost pile from
Barcelona (BCN) and another day in a pile from the city of Sitges.
As can be seen in Fig. 53a and 53b, the repeatability of the measure
in compost and in air is very good, with a maximum difference of
18 dB in compost and 16 dB in air, and an average difference of 6 dB
and 5 dB respectively. On the other hand, it seems that transmission
in compost is more feasible at low frequencies, since the level of
the signal increases over the noise, as expected. The level gradually
drops until around 460 MHz where it starts dropping dramatically,
as such we ascertain that the proper free band to transmit at the
highest frequency is the 433-434 MHz band, under our conditions.

3.3 experimental tests

3.3

experimental tests

It was difficult to find commercial solutions allowing autonomous
transmission systems at low frequencies in the past. However, in
2010, Texas Instruments brought out to the market an ultra-low-power
microcontroller system-on-chip with integrated RF transceiver from
the CC430 family, that adjusted better to our system due to the
experience of using the same kind of microcontrollers for the first
temperature system. Concretely, the CC430F6137 MCU allowed
transmitting in the 300 MHz to 348 MHz, 389 MHz to 464 MHz, and
779 MHz to 928 MHz frequency bands.
When deciding which frequency band to use we see that according
to the CEPT/ERC Recommendation [88], the free frequency bands
at which we can transmit are the UN-32 ISM applications at 433
MHz, the UN-110 PMR 446 MHz and the UN-39 868-870 MHz
band. As said before, we have tested the feasibility of transmitting
under 460 MHz, and thus we cannot rely on the 800 MHz band.
On the other hand, the PMR 446 MHz band corresponds to the
Personal Mobile Radio band which is a very restrictive band (in
terms of specifications) and is only license free in some countries of
Europe. Hence, the band we will be using will be the UN-32 for ISM
applications at 433 MHz.
When looking for 433 MHz antennas we looked for solutions able
to be fit into the polyurethane capsule our system will be protected
by. We also considered the best quality/prize, and a such we found
the Rain Sun AN1603-433 Multilayer Chip Antenna.

Figure 54: Antenna inside ball before closing

In the following experimental test we determined the distance
until which the antenna could transmit inside compost. Also, with
this test, we can determine the transmission model in air and in
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compost. In this test the antennas were buried on a compost pile
in the curing stage located in the Parc Mediterrani de la Tecnologia
(PMT).
Two antennas were sealed inside a polyurethane ball (Fig. 54) to
act one as transmitter and the other as receiver.
As in the previous section, we characterized the antenna factor
of the AN1603 antenna to verify the goodness in its tuning. As
we can see in Fig. 55, the antenna factor main frequency centers
very precisely with S11 = −14.4 dB at 427 MHz in air. This antenna
was supposed to be designed to transmit at 433 MHz, the change
in frequency is due to a detuning due to the polyurethane protection, as we introduced in the previous section. In compost the main
frequency slightly displaces to a frequency around 434 MHz with
S11 = −14.2 dB and attenuates a little bit. We verified the repeatability of this measure by characterizing both antennas, as we can
see the maximum difference in air was 3 dBs and in compost 2 dBs.
This arises the need of a matching circuit to overcome the detuning
caused by the environment.

Figure 55: Antenna factor characterization

In the test, a 433 MHz signal was generated with the signal generator with a power P1 = 0 dBm and transmitted with the antenna.
The signal was transmitted through the air on one test and through
compost on another and received with the other antenna connected
to the spectrum analyzer. This test was realized modifying the distance between the antennas; from 2 m to 45 m in the air, and from 2
to 10 m in compost (similar to the grain works found in the state of
the art). Compost in this test was in the curing stage but we would
expect the same result in the decomposition stage, since the water

3.3 experimental tests

bags that are present are compensated by the air bags that are not
present in the curing stage.

(a)

(b)

Figure 56: Theoretical and experimental transmission model. (a) Air. (b)
Compost.

In Fig. 56a we can see the experimental model of the transmission
through air. We found that the theoretical model that approximated
the most was when considering an attenuation of 1/d2 . This corresponds to what bibliography states at Coulomb’s law.
In Fig. 56b we can see the experimental model of the transmission
through compost. If we apply an attenuation similar to the found
in Equation 3.6 (e−d ) we find that the experimental results seem to
adequate well to that theoretical model but as good as in the air case.
If we consider an attenuation equal to 1/d2 we see that the model
does not match the experimental data at all. Still, we may consider
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Figure 57: Compost theoretical transmission model for 1/d3 attenuation

that the model approximates to a different order. This can be seen
as a mathematical series where the attenuation is seen as
∞
X
an
n=0

dn

= a0 +

a1 a2 a3
+ 2 + 3 +···
d
d
d

(3.11)

If we apply this equation to the experimental results from compost
the coefficients would be a0 = −0.0013, a1 = 0.017, a2 = −0.072 and
a3 = 1.085.
In Figure 58 we can see how using a different orde results in the
tehoretical model. As can be clearly noted a third order is the one
that has the lowest uncertainty.
As such we could say that air behaves as a second order and
compost as a third. If we take a look at Fig. 57 we can see how this
is fulfilled.
As we can see in the uncertainty between the theoretical transmission model for grain and the experimental results is not too good
(from 0.9 % to 20.3 % uncertainty). We consider that variations in
the α variable of Equation 3.6 would adequate better the theoretical
model to our experimental results. On the other hand, the 1/d3 theoretical model approximates better to the experimental results (an
error up to 1.71 %, except for the experimental value at d=5 m which
is far from the tendency of the rest of experimental data). What is
clear is that compost attenuates faster than the air, as one could
expect, and that attenuates on a similar way as grain. We can take

3.3 experimental tests

Figure 58: Distance attenuation coefficient uncertainty

these two theoretical models and see what would be the maximum
distance at which we could receive the signal.
We will consider a transmitting power of 0 dBm which is the
minimum allowed in the 446 MHz frequency band. No gain will be
applied to the signal and
 we estimate
 from Fig. 55 that the antenna

factor is -0.19 dB (10log 1 − 10(S11/10) ). Finally, in our specifications
we have stated that our reception sensitivity will be -60 dB. If we
apply the grain theoretical model to equation 3.10 we obtain that
the maximum distance at which we can transmit is 14 m and for
the 1/d3 model the value rockets to the unreal value of 97 m. The
reason why this last value is so high is because this model probably
corresponds to near field propagation and for higher distances this
model becomes false; we can check how this happens since the
uncertainty of the model increases as the distance does.
As we can see, even with the grain model that attenuates far
more fast than the experimental model we can obtain a transmission
distance up to 14 m inside compost. This is more than enough for
our application since we could consider a 10 m distance acceptable
without needing to put many balls in a compost pile or tunnel. Still,
since other parameters like humidity and density can attenuate the
signal further, if we choose a 5 m distance we will guarantee the
proper operation.
As said before, these tests were realized on a compost pile in the
curing stage, if the composting stage were considered, the result
would be more or less the same as experimentally shown in the
previous section. The attenuation of the high humidity content in
the composting stage may compensated by the low density and, as
such, the effect remains the same in the curing stage. Still, if we were
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interested in having a larger transmission distance, we could always
concatenate transmission systems developing a sensor network.
This kind of network has been implemented within the Compoball project (http://www.compoball.eu/) and its operation has been
demonstrated for distances until 4 m in conditions of high humidity
content.

In front of so many imbecils with opinion card,
wise men don’t talk.
— Pepe Rubianes, comedian

4

HUMIDITY SYSTEM

4.1

state of the art and proposed solution

To monitor humidity during the composting process, a common
way is extracting samples to analyze at a laboratory, with the economical and temporal cost it supposes. Another way of measuring
the moisture content of compost is using probes as in temperature
[89], but these probes cannot be continuously measuring due to
the degradation that supposes to be in contact with the compost
material, and their high cost [90].
There are already contact-less solutions that measure moisture
content in compost through microwave attenuation [91, 92] inside
capsules as in the temperature system. This may be a good solution
but high frequency systems result on a considerable increase of
the cost and the high water content makes transmission costly in
consumption terms. Therefore using lower frequencies would be
better in order to reduce consumption, as proposed during the
previous chapter.
Another very extended and old solution in the contact-less measure of humidity is using coplanar capacitive electrodes [93]. This
solution relies on the shape and dimensions of the electrodes to optimize the humidity measurement. The most famous shape through
history for coplanar capacitive electrodes is the interdigital electrode
design, the earliest example is found in the patent of N. Tesla in
1891 [94]. And its theoretical expressions for calculation of their
capacitance appeared in the 20s [95]. The expanded use of coplanar
interdigital electrodes was found in the 60s [96] along with other electrode shapes [97]. But their commercialization did not start until the
80s [98] and 90s [99] in the United States. Many examples, old and
new, of coplanar interdigital electrodes in the measure of moisture
can be found [100, 101]. And a lot of research based on their performance has been realized; as on their use as capacitive, inductive,
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dielectric, piezoacoustic, chemical, biological, and microelectromechanical interdigital sensors and transducers [102]. There are also
some poor research about the interdigital electrode dimensions and
configurations [103, 104] and therefore an extended research on the
optimization of shape and dimensions would be innovative. A part
of coplanar interdigital electrodes the next more used shape is the
concentric electrode. As said before this shape is not as old as interdigital but their use has been extended up to these days [105]. As in
the interdigital case, there is poor research on the optimization of
shape and dimensions, even though there are studies that test their
sutiability for multilayered dielectrics [106, 107]. Another innovative
aspect of our application is the measure of humidity from the inside
of a protection. Therefore, a study of the optimization of the electrodes, when a layer of a material is put between the electrodes and
a sample which moisture we want to measure, is also innovative.
microwave

coplanar capacitive

attenuation

electrode

direct

contactless

contactless

measure

punctual

continuous

continuous

cost

very expensive

expensive

cheap

consumption

average

very high

average

method

probe

contact

Table 20: Humidity measure method comparative

As we can see in Table 20, on a first glance we can see that the most
suitable method would be using coplanar capacitivie electrodes. We
cannot use probes because we need a method to measure humidity
continuously; and as such, we can choose to use the microwave
attenuation method or the coplanar capacitive elcetrode method.
Whether if we use the coplanar capacitive electrode or the wave
attenuation method in the measure of moisture in compost, we will
need to know the value of the relative permittivity of compost to
be able to theoretically analyze the case. There is no study on the
measure of the dielectric constant of compost, which makes it a very
innovative work. There is, though, a very rough and not rigorous
study on the measure of humidity in front of the dielectric constant
of compost taking into account the salt content, the density and the
temperature changes [76].

4.1 state of the art and proposed solution

4.1.1

Proposed solution

We want to obtain a method to measure humidity from the inside
of a protection, from which the state of the art has shown two
possibilities: coplanar capacitive electrodes or wave attenuation.
Humidity monitoring through the measure of wave attenuation
inside compost consists of a node transmitting a signal to a receiving
node where this one calculates the humidity with the attenuation of
the wave in front of the distance between the nodes. This scenario
does not have a clear theoretical background due to its complexity,
but we can use simulation programs to theoretically analyze it. One
of the problems of this method is the need to know the location of the
balls to calculate the distance between them, which is very complex.
Another way to know the distance between nodes would be using
two or more training signals at different frequencies which will be
differently attenuated and therefore the distance can be calculated.
The problem of this solution is the need of a bigger transmission
system, which is not only a problem in terms of dimensions but
also would imply an even higher power consumption. There is a
general problem with this method and that is the lost balls due to
the action of the compost turner, as said in section 2.4.1; if there
are balls outside the compost pile the calculation of the distance
becomes wrong and hence the method cannot be used. Furthermore,
as show in the previous chapter, the orientation of the antenna in
the communication system is critical if we want to transmit between
two nodes.
The humidity monitoring through the use of coplanar capacitive
electrodes consists of a pair of electrodes inside a ball emitting an
electric field that is affected by the material it goes through (Fig. 59).
Although coplanar capacitive electrodes do have theoretical models,
the scenario results more complex and thus these models cannot be
used. Hence, a simulation software should be used to theoretically
analyze this method, just like in the previous one. In this case, there
is no problem with the location of the balls: if it is inside the pile it
will measure, if not, it will not; there is nothing else about it. But the
greatest advantage of this method has in front of the previous one is
power consumption; we are developing an autonomous system and,
as such, this factor is critical.
Therefore we will develop a humidity sensor system based on the
changes of a pair of coplanar capacitive electrodes placed inside
a capsule. The humidity system will have the same specifications
of the temperature system (Chapter 2) but with the change that
the maximum required accuracy of this system will be of a ±5
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Figure 59: Coplanar capacitive electrode

% of relative humidity. The reason behind that is because current
commercial humidity sensors are accurate within a ± 2 % to ±5
% margin[108, 109], which will give a very good idea of what the
humidity level is in the environment. And thus, if our system fulfills
a maximum 5 % RH accuracy it will be more than enough for the
detection of non desired moisture levels in compost.

4.2 compost relative permittivity

4.2

compost relative permittivity

As said at the beginning, in order to theoretically optimize the design
of coplanar capacitive electrodes we need to know how the value of
the relative permittivity changes in compost. To measure the relative
permittivity of a material, it has to be put between two capacitive
electrodes. The generic equation for capacitive electrodes is [110]

C = ε · Kc · Γ

(4.1)

where C is the capacitance between the electrodes, ε is the absolute
permittivity of the material between the electrodes, Kc is the capacitive corner effect (also known as edge effect) and Γ is the geometric
factor.
A real capacitor is finite in size. Thus, the electric field lines at the
edge of the plates are not straight lines, and the field is not contained
entirely between the plates. This is known as corner effects, and the
non-uniform fields near the edge are called the fringing fields [111].
However, to avoid complex calculations, in what follows, we shall
ignore such effects and assume an idealized situation, where field
lines between the plates are straight lines, and zero outside. Further
information regarding the corner effect modeling can be found in
[112, 113].
4.2.1 Parallel plate capacitor
The simplest form of a capacitor is two parallel flat conductive plates
separated by a dielectric material [114]. As such, its evaluation is
well-known and has been widely studied. That is the reason why
we started using that kind of capacitor to evaluate compost relative
permittivity.
Parallel plate theoretical model
The capacitance (C) of a parallel plate capacitor is also known as
the capacitance between two horizontal flat conductors [110]. In the
limit where the plates are infinitely large, the system has planar
symmetry and we can calculate the electric field everywhere using
Gauss’s law described as

C=ε

A
d

(4.2)
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where A is the area of the plate and d is the distance between the
plates.
We want to find the relative permittivity of the material (εr ) and
our horizontal flat conductors are rectangular (A = l · h), therefore
the equation is expressed as

εr =

C·d
l · h · ε0

(4.3)

where ε0 is the vacuum permittivity (ε0 ≈ 8.85... · 10−12 F · m−1 ), l
is the length of the plate and h is its height.
Experimental setup
The parallel plate capacitor consisted on two copper rectangular
board in parallel separated by four nylon screws. The plates were
20 cm long and 15.5 cm high with a separation of 2.7 cm between
them. For the measure of impedance, the capacitor was connected
to a 4294A Hewlett Packard Impedance Analyzer as seen in Fig. 60.

Figure 60: Experimental setup

The compost for the tests was gotten from active composters,
mostly in the decomposition stage, located at the backyard of the Escola Superior d’Agricultura de Barcelona (ESAB) from the Parc Mediterrani de la Tecnologia (PMT). The samples of compost were put into
metallic trays and were transported inside a portable fridge.
Once the measure of the impedance is gotten, then the electrical
equivalent model is approximated, in order to get the capacitance
change due to the dielectric between the plates.

4.2 compost relative permittivity

Results and discussion
We needed to find the electrical equivalent model for the measure of
capacitance of the parallel plates with compost. With the theoretical
electric model we can extract the values of the components (including the capacitance due to the dielectric between the plates) of the
model that suit it to the experimental result. We have done that by
taking the experimental data and introducing it to a Matlab R2011a
algorithm that found the values that got the nearest theoretical
impedance module to the experimental one.
For that we started from the basic model which corresponds to the
parallel plates with air. The corresponding model is an RC parallel
or serial (in this case we applied the parallel one) with the inductive
effect of the cables (serial inductances), as is demonstrated in Fig.
61. Values for the equivalent theoretical parallel resistance, parallel
capacitance and cable inductance are Rp = 29.10 k˙, Cp = 18.64 pF,
L = 0.19 —H respectively.

Figure 61: Electric equivalent model of the parallel plates with air

We applied this electric model to the plates filled with compost and
we obtained that the RC serial model does not suit our configuration
whilst the RC parallel model suits high frequencies (Fig. 62 with R =
39.17 ˙, C = 0.14 nF, L = 0.19 —H), except for some disturbances in
the measure at the highest frequencies. The mechanism responsible
for the dispersion is equivalent to a complex impedance with a
phase angle [115] which depends on the kind of dielectric we are
testing.
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If we obtain the average uncertainty between the theoretical model
and the experimental one we get a 7.70 % and a maximum of 182.50
%.

Figure 62: Electric equivalent model of the parallel plates with compost

The behavior of the configuration gives the idea that the parallel
plates filled with compost create a virtual capacitance to ground. If
we apply a T model to our configuration we obtain Fig. 63, with
R = 21 ˙, C = 10 nF, L = 96.80 nH, Ci = 10 pF. As we can see this
model suits better to the experimental impedance. However, there
is an effect at low frequencies that seems to correspond to a serial
resistance.

Figure 63: T electric model of the parallel plates with compost

4.2 compost relative permittivity

If we add serial resistances to the T model we obtain Fig. 64, with
R1 = 9.5 ˙, R2 = 15 ˙, C = 0.3 nF, L = 96.80 nH, Ci = 5 fF. The effect
at lower frequencies is not entirely erased and the disturbances at
frequencies over 70 MHz are something to really worry about. Also,
from 30 MHz we can see the inductive effect of the cables.

Figure 64: T with serial resistance equivalent model of the parallel plates
with compost

The average unceratinty in this case results 2.07 % and the maximum 22.77 %.
The measure of impedance with parallel plates leads to a very
complex equivalent electric model which does not guarantee the
proper measure of the relative permittivity of compost in function of
the relative humidity. The corner effect is represented as an inductive
effect at high frequency (capacitance to ground) and some losses
(serial resistance). Ultimately, the combination of the inductance of
cables, the corner effect and the geometry factor affect the measure
in a very complex way. Another setup would be needed in order to
avoid this issues and to properly measure permittivity.
Still, this setup allowed measuring the frequency behavior of
the impedance module in function of temperature, humidity and
density.
impedance frequency behavior in function of temperature In this test we took a sample of compost at a high temperature and we put it between the plates of the capacitor. We measured
the impedance module at different times as it was cooling down in
order to measure the impedance module at different temperatures,
keeping the same humidity, density and salt content. Each time a
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measure was taken the temperature was measured with a Delta Ohm
9406 Thermometer probe afterward.

Figure 65: Impedance temperature and frequency behavior

As we can see in Fig. 65 the impedance module decreases as the
temperature does. But is this true for all frequencies? What is the
uncertainty that the temperature introduces between measures? If
we compare the 45.8o C case to the other three we obtain Fig. 66.

Figure 66: Error temperature and frequency behavior

As can be seen, the highest uncertainties appear at the lower
frequencies. Also we can see that from 25 MHz on, the uncertainty
is really low, taking into account that the uncertainty is not only
due to the temperature, but also due to other disturbances as the

4.2 compost relative permittivity

equipment uncertainty or the own disturbances of the configuration.
Moreover, at frequencies above 70 MHz the value of uncertainty
does not answer to the difference in temperature, mainly due to the
disturbances of measuring high frequencies with this configuration
and this equipment.
So it seems that to reduce the uncertainty the temperature introduces in the measure we should measure from frequencies over 25
MHz, as one would expect since the real part (temperature depending) of the impedance predominates at low frequencies. Still, we
cannot be completely sure because in the test when cooling down
the temperature it is possible that the humidity would have changed
as well. Air is supposed to increase its humidity when cooling down
due to not be able to contain the same quantity of water vapor [116].
impedance frequency behavior in function of humidity
In this test we took a sample of compost and kept it at room temperature, the water content of the sample was varied in order to modify
its humidity and the density was kept constant. In Fig. 67 we can
see the change in impedance in function of the frequency for three
variations in humidity.

Figure 67: Impedance humidity and frequency behavior

As we can see the variation for a small increase in humidity (from
44.5 % to 49 %) is translated as small variation in the impedance
change (and small capacitance change: 265 pF to 300 pF) and for a
high increase (from 20 % to 44.5 %) there is a much higher variation
in the impedance change (and bigger capacitance change: 85 pF to
265 pF). Also, we can understand that the change in humidity is
higher as the frequency increases. This is somewhat logical since the
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Figure 68: Impedance density and frequency behavior

imaginary part (relative permittivity depending) of the impedance
predominates at high frequencies. Temperature affects lower frequencies and humidity affects higher frequencies, hence we can
measure for a frequency band in the higher frequencies.
impedance frequency behavior in function of density
In the following test we measured the impedance of a sample of
compost with a first measure distributing half of a tray between
the plates and a second one compacting the whole tray between
them. This way, we measured the variation of the impedance module
when doubling the density of compost, whilst keeping temperature,
humidity and salt content constants.
As we can see in Fig. 68 the effect of changing the density in compost modifies the whole frequency spectrum. This is expected since
density affects both relative permittivity and thermal conductivity
when change per se.
4.2.2

concentric cylinder capacitor

To improve the measure of the impedance of compost a concentric
cylinder capacitor is suggested. Two concentric cylinder allow decreasing the distance between electrodes and, thus, reducing the
corner factor. The length of both cylinders is to be much larger
than the separation of the cylinders, so that corner effects can be
neglected. Furthermore, a cylinder only has two sides in contact
with the outside and, as such, the corner factor is halved and the
parasite capacitance to ground is also reduced.

4.2 compost relative permittivity

Figure 69: Cylinder dimensions

Concentric cylinder theoretical model
For a cylindrical geometry, the capacitance (C) is usually stated
as a capacitance per unit length [117]. The charge resides on the
outer surface of the inner conductor and the inner wall of the outer
conductor. The capacitance expression is
C
2πε

=
l
ln D
d

(4.4)

where ε is the absolute permittivity of the material between the
cylinders, l is the length of the cylinders, D is the radius of the outer
cylinder and d is the radius of the inner cylinder (Fig. 69).
Since we are interested in the value of the relative permittivity (εr ),
the expression results
C · ln D
d
εr =
l · 2πε0


(4.5)

Measurement methodology
From the experience measuring with the parallel plate capacitor, we
decided to develop a measurement methodology (Fig. 70) to avoid
any interference of any non desired parameter. We want to measure
Humidity changes and so we will keep temperature, salt content and
density constants during the measurements. We will start by taking
a big sample of compost which will be mixed with a lot of water
in order to increase its humidity as much as possible. As follows
we will pour the mix between the cylinder electrodes and next we
will weigh the electrode filled and write down the result. Then we
will do the measurement and take a sample of the mix to measure
its humidity with the AND ML-50 Moisture Analyzer. While the
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Figure 70: Compost dielectric characterization method

humidity is being measured and the measurement has been made
we will heat the mix into a FCH climatic chamber at 100o C during
30 min to decrease its humidity without modifying the salt content.
Once the mix is at room temperature (Tr ) we will fill the electrodes
with the mix again while weighing at the same time, trying to keep
the same weight of the previous test (this way we keep the same
density) and we can repeat the process again.
Experimental setup
The test capacitor consisted on two aluminum concentric cylinders
with a 15 cm length and a diameter of 4.4 cm for the bigger and 1.7
cm for the smaller. The two cylinders were glued to a 5 cm edge
polystyrene platform as shown in Fig. 71.
Also, the capacitor was connected to the 4294A Hewlett Packard
Impedance Analyzer with an Agilent 4294A Impedance calibrated
probe to reduce the effect of cables. Still, the measurement of compost, from 25 MHz to 100 MHz (extracted from the results in the
parallel plate configuration), suffered of inductive masking and so
two 220 pF capacitor were used in serial to move this effect and have
a clear view of the capacitive measurement.
With this setup, we understand the equivalent electric model as
a simply RC parallel with an inductance and a 220 pF capacitance
in serial for each connection (Fig. 72). The ground capacitance we
found in the previous electrodes still exists, but it is so small that
we can not consider it.
In Fig. 73 we can see how this electric model is successfully applied
to an experimental test (for a relative humidity of 44.7 %) with
theoretical values of R = 24.80 ˙, C = 26.50 nF, L = 0.13 —H. The
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Figure 71: Experimental setup

Figure 72: Experimental setup equivalent electric model

model does not adjust completely due to the higher disturbances at
higher frequencies

Figure 73: Theoretical model applied to experimental test
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The average uncertainty between the theoretical model and the
experimental results is 1.84 % and the maximum is 21.50 %. As we
can see we obtain not only a better uncertainty than the equivalent
theoretical model for the parallel plate, but also a better uncertainty
than the complex theoretical model in the parallel plate.
Results and discussion
The value of the capacitance was measured for two cases of density
and a variation of the humidity for each case. As in the previous
configuration the capacitance was found by introducing the experimental data to a Matlab R2011a algorithm that found the values
that got the nearest theoretical impedance module (from the model
of Fig. 72) to the experimental one. With the values of capacitance,
the dimensions of the capacitor and Equation 4.5 we were able to
determine the relative permittivity of compost in function of its
relative humidity for two cases of density (Fig. 74).

Figure 74: Relative permittivity of compost in function of the relative humidity

As we can see the relation between the two variables is linear with
a variation of the gain and the offset. If we extrapolate how the
relation humidity/permittivity varies in function of the density we
obtain:
εr = (6.13 · 10−4 ρ + 7.14 · 10−2 )RH − 1.92 · 10−2 · ρ + 6.02

(4.6)

where ρ is the density of compost and RH is its relative humidity.

4.2 compost relative permittivity

RH \ ρ

100 kg/m3

800 kg/m3

30 %

8.08

7.50

80 %

14.71

35.59

Table 21: Theoretical relative permittivity in function of the composting
process ranges of humidity and density

If we consider the ranges of humidity and density for the composting process we obtain Table 21. As we can see the relative
permittivity increases proportionally to humidity, and for high values of humidity the same happen with density; but for low values of
humidity the relative permittivity decreases when density increases.
When calculating the relative humidity of compost using the capacitive coplanar electrodes we obtain the capacitance from the
electrodes with the corresponding conditioning circuit. As follows,
the relative permittivity can be calculated with Equation 4.1, considering kc negligible and calculating Γ with a calibration of the
electrodes used. Then, taking into account that the density is time
variant and can be estimated with the time the composting process
has been active, we can calculate the relative humidity with Equation
4.6.
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4.3

coplanar electrode study and design

In the following sections we will study the effect of shape and
dimensions of concentric and interdigital coplanar electrodes on the
nominal capacitance, the capacitance change and the capacitance
change over the nominal capacitance. We will also optimize the
shape and dimensions of the coplanar electrodes applied to the
measure of permittivity changes of compost from inside a protection.
The optimized electrodes will be simulated in front of disturbances
as is the effect of the presence of the circuitry, air and water bags as
a source of noise.
4.4

single-layer coplanar capacitive electrodes

Sensors based in coplanar capacitive electrodes are widespread
among the most commonly used. Recent advances in such fields
as nondestructive testing (NDT), microelectromechanical systems
(MEMS), telecommunications, chemical sensing, piezoacoustics, and
biotechnology involve coplanar capacitive electrodes in very different ways [102].
The most famous shape through history for coplanar capacitive
electrodes is the interdigital electrode design, the earliest example
is found in the patent of N. Tesla in 1891 [94]. And its theoretical
expressions for the calculation of their capacitance appeared in the
20s [95]. The extensive use of coplanar interdigital electrodes was
found in the 60s [96] along with other electrode shapes [97]. But
their commercialization did not start until the 80s [98] and 90s [99]
in the United States. Many examples, old and new, of coplanar
interdigital electrodes in the measure of moisture can be found
[100, 101]. And lot of research based on their performance has been
realized [76]. There are also some research about the interdigital
electrode dimensions and configurations [103, 104] very limited by
their specific use and difficult replication. Therefore, an extended
research on the specific optimization of shape and dimensions would
be innovative. A part of coplanar interdigital electrodes the next
more used shape is the concentric electrode. As said before this shape
is not as old as interdigital but their use has been extended up to
these days [105]. Their advantages and disadvantages compared to
the interdigital are not really analyzed in the bibliography. As in the
interdigital case, there is poor research on the specific optimization
of shape and dimensions and so it is something else to take into
account.

4.4 single-layer coplanar capacitive electrodes

In this chapter we will present an optimization of the shape and
dimensions of interdigital and concentric coplanar capacitive electrodes, and the differences from using one or the other. As follows,
the general problem is described. Subsequently, a research of the
theoretical models found in the state of the art are analyzed. Then
different configurations for interdigital and concentric coplanar electrodes are simulated to see the behavior in function of the dimensions and shape. Then, those configurations were experimentally
tested and some conclusions and design recommendations were
finally extracted.
4.4.1 General problem description
Capacitive electrodes are used to measure changes in the relative
permittivity of a material. This parameter can give information
about other magnitudes like humidity, density, temperature and salt
content of the material.
There are many influencing parameters when measuring with
capacitive electrodes. We can see two if we take a look at the generic
equation for any capacitive electrode [110]

C = ε · Kc · Γ

(4.7)

C is the capacitance between the electrodes and ε is the absolute
permittivity of the material between the electrodes. The first nuisance
parameter is Kc , which is the capacitive corner effect. This effect
varies in function of the geometry, as we can say it strongly decreases
in cylindrical electrodes and it disappears in spherical electrodes.
On the other hand we find Γ , which is the geometric factor that
may have a great uncertainty when trying to theoretically model
the electrodes. Apart, some other uncertainty sources may be the
material properties, the thermal noise in the measuring circuit and
the effect of the electromagnetic compatibility, between others.
When designing a capacitive transducer for the measure or detection of a magnitude we rely on the specifications of our system.
There are many applications in which we need to have a minimum
value of capacity for our conditioning system to be able to measure
it, and as such we should be careful with the nominal capacitance
value of the transducer. Moreover sometimes we are measuring
almost perfect materials that have no problems with its material
composition uncertainty; in those cases we are interested in the
sensitivity of the transducer in terms of capacitive change.
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Normally, the material we are measuring is not perfect and we have
to deal with this material property uncertainty; therefore we would
be interested in maximizing the sensitivity as capacitance change
over nominal capacitance. According to Equation 4.1, this value
would be constant regardless of the type of electrodes we use, but
this equation answers to a system with a single dielectric, and as such
is not applicable here. Compost is a very heterogeneous material
composed by many different dielectrics (but mainly categorized as
organic matter, water and air), we can estimate what the relative
permittivity integration of these dielectrics equals to but we cannot
extract this uncertainty as a multiplying geometric factor or a corner
effect.
4.4.2

Theoretical models

An approximate expression for the capacitance of an interdigital
structure (see Fig. 75) was derived in the 1970s and later reported
in [118]. The capacitance C between the drive and sense electrodes
immersed in an infinitely thick layer of resin, as shown in [102], is
√


πT
4 2 (N − 1) lteeth
εresin + εsub +
C=
εox
ls
π2

(4.8)

where N is the number of teeth of the electrodes, lteeth is the
length of the teeth, εresin is the dielectric permittivity of the material
under test (in this case resin), εsub is the dielectric permittivity of
the substrate under the electrodes, T is the oxide layer thickness, ls
is the inter-electrode separation and εox is the dielectric permittivity
of the material that holds the electrodes (oxide in this case).
This is an approximate model, which can predict the capacitance
values for equal (or closed, based on an error function) teeth and
gap width, and with an infinite top air layer. The limitation of that
model consists on not taking into account the effect of the lines
to which the teeth of the electrodes are attached to and the corner
effects. As such any minor change in these lines or the thickness of
the electrode may affect the result.
That model was modified by Hobdell [119] in 1979 introducing a
loss term into Alley’s theory, and by Esfandiari et al. [120] in 1983,
which incorporates the influence of the metallization thickness into
the total value of the capacitance. The complexity of the model keeps
increasing the closer to reality it comes. One of the most accurate
analytical evaluations appeared in 2004 [121] basing its model into
a single semi-infinite layer capacitance using an equivalent electric
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Figure 75: 3D Interdigital electrodes

circuit. For symmetry reasons, the capacitance is evaluated as a function of two types of capacitance: (1) CI —being half the capacitance
of one interior teeth relative to the ground potential and (2) CE —the
capacitance of one outer teeth relative to the ground plane next to it.

C = (N − 3)

CI
CI CE
+2
,
2
CI + CE

N>3

(4.9)

where N is the number of teeth. The calculation of CE and CI
includes complex calculations as complete elliptic integrals of first
kind, and does not take into account the influence of corner effects.
The processing of such complex theoretical models require heavy
computational work that would imply spending great effort and time
in something that can be easily done using simulation tools. Also,
taking into account the inaccuracy of approximated calculations we
decided simulating the different electrode configurations in order to
have the highest accuracy with the minimum complexity. Moreover,
whilst there are different theoretical models for each shape, the
simulation process is the same.
In the case of concentric capacitive electrodes, the capacitance CT
between the two electrodes, can be calculated through [105]

CT =

Qouter
Vinner

(4.10)
Vouter =0

where Qouter is the total charge on the outer electrode, while Vinner
and Vouter respectively represent the voltage on the inner and outer
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electrodes. The total charge, on both inner and outer electrodes, can
be found integrating over the electrode surfaces with the surface
charge distribution σ (ρ 0 ). In order to calculate the surface charge
distribution, Green’s functions [122] for the method of moments
(MoM) [123] are used. We have to take into account that the method
of moments is used in simulation tools, and hence we see that
for complex theoretical models in the case of concentric capacitive
electrodes the option is also simulating.
Considering all previous models we will work with simulations to
fulfill our objective of finding the design optimization for interdigital
and concentric electrodes.
4.4.3

Simulation

All the simulations were realized with COMSOL Multiphysics v4.2a
on a computer running Windows 7 Enterprise with a processor Intel
Core i7 CPU 860 @ 2.80 GHz, a RAM memory of 16 GBytes and a 64
bit OS.
In all the cases, a 2 m environment sphere was created as compost
implying that the electrodes are surrounded by a very big compost
mass (relative permittivity changed from 10 to 15, in other words,
from a lower humidity to a higher) with a zero charge electrostatic
state, along with a pair of copper coplanar electrodes (with one of
them as 3 V electric potential and the other as ground) in the center
and a copper active shield 1 mm under them (with 3 V of electric
potential), that focuses the area affected by the electrodes to the front.
The electrodes and the active shield were separated by a 1 mm layer
of resin (relative permittivity of 3.1 [63]), as in the typical printed
circuit plaques, with a charge conservation electrostatic state.
The area of the concentric and the interdigital electrodes is the
same in all the cases; as such, the concentric electrodes are a circular
plaque of radius 3 cm and the interdigital electrodes are a squared
plaque of side 5.3 cm. The different configurations have been thought
within these dimensions and the limit values for each dimension
were tested.
The simulations had an extra fine mesh and the electrode capacitance (C) was evaluated as an integration of the active electrode
surface charge density (σ) divided by the applied voltage difference
across the electrodes (∆V)[124], similarly to what we saw in equation
4.10
Z
C=

σ
dA
∆V

(4.11)
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The capacitance of electrodes could also be calculated as the integration of the ground electrode surface charge density divided by
the voltage or as the global evaluation of the total stored electric
energy (We ) divided by the voltage difference across the electrodes
∆V[125]

C=

2 · We
∆V 2

(4.12)

The problem of the integration of the ground electrode and the
global evaluation is that they include the electromagnetic fields
going from the active shield to ground and therefore the result
would not purely be the effect of the sensing electrode to the ground
electrode.
From the capacitance value, there will be three variables analyzed:
the nominal capacitance (C1 and C2 , that are the capacitance values
of the electrode for a relative permittivity of 10 and 15 respectively),
the capacitance change and the capacitance change over the nominal
capacitance. The nominal capacitance value is interesting for applications needing a minimum value of capacitance. The capacitance
change (4C) is interesting for applications in which the predominant disturbance is the noise of the system, which does not change in
function of the permittivity and is defined as the difference between
C1 to C2 . And the capacitance change over the nominal capacitance
(4C/C1 ) is interesting for applications in which the predominant
disturbance is the inaccuracy due to the heterogeneity of the material.
Concentric electrodes
The concentric electrodes (Fig. 76) consisted of an active circular
electrode of radius ra and thickness 1 mm, surrounded by a ground
ring electrode of outer radius of 3 cm, inner radius rg,i and thickness
1 mm. The resin layer and the active shield were 6 cm radius circles
with 1 mm thickness.
The simulations were realized in order to see the performance
of the electrodes when varying the separation between electrodes
or the size of one electrode respect to the others. As follows, the
nominal capacitance of the electrodes, their capacitance change and
their capacitance change over the nominal capacitance are calculated
in function of the separation between electrodes and the size of the
active electrode radius.
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Figure 76: 3D Concentric electrodes

separation between electrodes (lsep ) In this case we simulated the change in capacitance in function of the separation between electrodes (lsep = rg,i − ra ). The size of both electrodes was
equally reduced as the separation increased. Their start values for
lsep = 0.3 cm were ra = 1.35 cm and rg,i = 1.65 cm. The subsequent
iterations followed by increasing lsep by 0.2 cm, and reducing ra and
rg,i by 0.1 cm. The penultimate value was lsep = 1.7 cm and then a
jump is made with a final simulation with lsep = 2.8 cm.
From Fig. 77 we obtain that if you want to increase the nominal
value of capacitance you need to reduce the separation between
electrodes. This is logical since what we are doing is increasing the
size of the electrodes.

Figure 77: Nominal Capacitance change in function of lsep

In Fig. 78 we see that the smaller the separation between electrodes, the bigger is the capacitance change. Still, we can see that
the improvement is faster in the nominal capacitance than in the
capacitance change. This effect determines the capacitance change
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over the nominal capacitance (Fig. 79) where we see that if you want
to maximize the capacitance change over the nominal capacitance
you have to increase the separation. This case, corresponds to the
electromagnetic waves that find their way from the active electrode
to the ground electrode through the resin layer. When we increase
the separation between electrodes the waves of the active shield
become more present between the active and the ground electrode,
and thus, the waves of the active electrode cannot go through the
layer of resin and have to go through the compost.

Figure 78: Capacitance change in function of lsep

Figure 79: Capacitance change over Nominal Capacitance in function of
lsep

active electrode vs ground electrode In these simulations we measured the change in capacitance in function of the
size of the active electrode. The separation between electrodes was
fixed as ls = 0.26 cm and the start values were ra = 0.3 cm and
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rg,i = 2.55 cm. The next iterations followed by increasing ra by 0.3
cm and decreasing rg,i by 0.3 cm. The last value is ra = 2.4 cm.
As we can see in Fig. 80 the bigger the area of the active electrode
the higher capacitance and in Fig. 81 the bigger the capacitance
change.

Figure 80: Nominal Capacitance in function of ra

Figure 81: Capacitance change in function of ra

If we increase the active area maintaining the same separation the
number of waves passing through compost is bigger, and since the
resin layer effect is kept the same, the capacitance change increases.
However, the number of waves does not mind for the capacitance
change over the nominal capacitance (Fig. 82) since the effect of the
resin layer is still the same. As such, it does not matter how much we
increase the area of the active electrode keeping the same separation,
that this value will remain the same.
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Figure 82: Capacitance change over Nominal Capacitance in function of ra

theoretical model We can consider that the geometric factor
on the capacitance of the electrodes behaves as a Taylor series for
each dimension since the behavior per dimensions is not periodic
nor complex. As such, we obtain the following equation:
 X
∞ 
∞
X
an
(bm · rm
C = ε · Kc ·
·
a)
lns
n=0

(4.13)

m=0

If we consider an order 4 (if we take a lower order the error
increases and if we take a higher order the error does not improve
significantly) and try to get the coeficients with the results from the
simulations the folowing is obtained:
n

an

bn

1

−4.74 · 10−4

1.00 · 10−10

2

1.67 · 10−5

4.41 · 10−7

3

−8.51 · 10−8

1.39 · 10−5

4

1.49 · 10−10

−4.56 · 10−4

Table 22: Coeficient result

With these coeficients and applying Equation (4.13) we obtain the
following percentual difference between the simulation value and
the theoretical model value, in function of the size of the active
electrode and the separation between electrodes.
As we can see the average difference in both cases is more or less
around 6 %. It is true that the variation on the separation between
electrodes is bigger, this is mainly because when calculating the
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Figure 83: Difference between the concentric simulation and the theoretical
model capacitance

coeficients we took as a reference the active electrode vs ground
electrode case. If we had taken the separation between electrode case
as the reference the opposite would happen.
This error is in line of the current state of the art, where we can find
coplanar parallel sensors with a relative error between the theoretical
and experimental model inferior to 7.5% [126], or a smaller error for
a capacitive cylindric model with more than 3 % error[127].
Interdigital electrodes
The interdigital electrodes (Fig. 75) are two pair of diagonally mirrored electrodes of thickness 1 mm and separated ls , consisting of
a main branch of a width wteeth1 and a height of 5.3 cm. From the
main branch, a certain number of teeth of length lteeth and width
wteeth1 grow.
The resin layer and the active shield were 5.3 cm length squares
with 1 mm thickness. The reason to choose 5.3 cm of length is to
have a similar area to the 6 cm radius concentric electrodes in order
to be able to compare them.
The simulations were realized in order to see the performance of
the electrodes when varying the separation between electrodes, the
length of the teeth and the number of teeth of the electrodes.
As follows, the nominal capacitance of the electrodes, their capacitance change and their capacitance change over the nominal
capacitance are calculated in function of the separation between
electrodes, the teeth length and the number of teeth.
separation between electrodes (ls ) In this case we simulated the change in capacitance in function of the separation between
electrodes (ls ) with 2 teeth per electrode. The size of both electrodes
was equally reduced in height and width as the separation increased.
The initial values were ls = 0.3 cm, wteeth1 = 1.1 cm, wteeth2 = 1.1 cm
and lteeth = 2.8 cm. In each iteration ls was increased 0.2 cm, wteeth1
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and wteeth2 were reduced 0.15 cm, and lteeth was increased 0.1 cm.
The last iteration was ls = 1.7 cm.
As in the concentric electrodes, the bigger the separation the lower
the nominal capacitance, since the electrode area is being reduced
(Fig. 84).

Figure 84: Nominal Capacitance in function of lsep

Also, the same happens to the capacitance change (Fig. 85) but at
a lower rate.

Figure 85: Capacitance change in function of lsep

And as such, the capacitance change over the nominal capacitance
improves as the separation increases (Fig. 86). The same effect as the
concentric electrodes and for the same reason.
teeth length (lteeth ) In this case we simulated the change in
capacitance in function of the length of the teeth (lteeth ) maintaining wteeth1 and ls constant and modifying the width of the main
branches.
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Figure 86: Capacitance change over Nominal Capacitance in function of
lsep

The initial values were lteeth = 0 cm, wteeth1 = 0.05 cm, wteeth2 =
1.8 cm, ls = 1.6 cm and 2 teeth per electrode. In the next iteration
lteeth was increased and wteeth2 decreased, both by 0.4 cm. The
following iterations lteeth was increased and wteeth2 decreased, both
by 1 cm.
Fig. 87 shows the increase of capacitance when the length of the
teeth is decreased, due to the increase of the main branches and
hence in the electrode area.

Figure 87: Nominal Capacitance in function of lteeth

For the same reason the capacitance change also increases when
the length of the teeth is reduced (Fig. 88) but at a slower rate.
Because of that, the capacitance change over the nominal capacitance increases as the length of the teeth does (Fig. 89).
The reason for that is that as we increase the length of the teeth
the main branches wteeth2 is decreased, and therefore the separation between the two branches is increased. When the two main

4.4 single-layer coplanar capacitive electrodes

Figure 88: Capacitance change in function of lteeth

Figure 89: Capacitance change over Nominal Capacitance in function of
lteeth

branches are more separated the electromagnetic waves expand and
the number of waves filtering through the resin is decreased.
number of teeth (n) In this case we simulated the change in
capacitance in function of the number of teeth (N) maintaining lteeth ,
ls and wteeth2 constant and modifying the width of the teeth wteeth1 .
The initial values were N = 2, ls = 1.7 cm, lteeth = 3.7 cm,
wteeth1 = 2.45 cm and wteeth2 = 1.20 cm. In each iteration the number of teeth was increased by one and wteeth1 evolved as wteeth1 =
(5.3 − ls · (N − 1)) /N.
Although the area of the electrodes is smaller the more teeth there
are, in Fig. 90 we see that the more teeth the higher the capacitance.
This can be explained as the increase of interaction between electrodes when the number of teeth is increased, and hence the elec-
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Figure 90: Nominal Capacitance in function of N

tromagnetic waves travel a smaller distance between electrodes and
are less attenuated by the environment. Also, since the interaction is
increased, the number of waves is increased and as such the sensitivity to changes in permittivity is increased as shown in Fig. 91 and
92.

Figure 91: Capacitance change in function of N

theoretical model If we consider that the geometric factor
on the capacitance of the electrodes behaves as a Taylor series for
each dimension we obtain the following equation:
 X
∞ 
∞
∞ 

X
X
xn
m
l
(ym · lteeth ) ·
C = ε · Kc ·
·
zl · #teeth
(4.14)
lns
n=0

m=0

l=0
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Figure 92: Capacitance change over Nominal Capacitance in function of N

This equation can be compared to Equation (4.8), where the first
term can be compared to the Taylor series in function of the length
of the teeth and the number of teeth, but we additionally introduce
the separation between teeth. The second term in Equation (4.8)
introduces a series of relative permitivities for different dielectrics, in
our case we consider that the additional materials from the electrodes
can be neglected and use a unitary relative permitivity that may or
may not be a composition of many dielectrics with the predominant
relative permitivity of the material under test.
If we again consider an order 4 and try to get the coeficients with
the results from the simulations the folowing is obtained:
n, m, l

xn

ym

zl

1

−3.15 · 1010

1.00 · 10−7

1.00 · 10−5

2

6.08 · 108

1.64 · 10−5

2.05 · 10−5

3

2.80 · 106

−9.07 · 10−4

7.65 · 10−7

4

−6.80 · 103

2.35 · 10−2

−1.86 · 10−7

Table 23: Coeficient result

With these coeficients and applying Equation (4.14) we obtain the
following percentual difference between the simulation value and
the theoretical model value, in function of the separation between
electrodes, the length of the teeth and the number of teeth.
The variable that is affected the most by the error in the theoretical
model is the length of the teeth. This is again mainly because we
taken as a reference the case of the number of teeth. If the case of
the length of the teeth had been the reference the error would had
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Figure 93: Difference between the interdigital simulation and the theoretical model capacitance

been reduced whilst increasing on the other two cases at the same
time. Nevertheless, taking the number of teeth as a reference gives
the best overall result.
4.4.4

Experimental results

To verify the results obtained from the simulations an experiment
was set up. Some electrodes were designed and built based on the
design changes of the simulations. The electrode output consisted
of an SMA connector to be able to connect it directly to a Agilent
42941A Impedance probe for the Hewlett Packard 4294A Impedance
Analyzer.
The range chosen for the measure of capacitance (Cp : parallel
capacitance model) was f = [30, 40] MHz due to inductive effects
caused by a parasitic effect of a capacitance to ground. Also this
range is useful to minimize the effect of temperature and maximize
the effect of humidity in the measure of the impedance[76], from
which the analyzer extracts the capacitance. An average was realized
from the samples between these two frequencies.
The compost used for the experimental test was obtained from a
pile of compost in the curing stage located at the Parc Mediterrani
de la Tecnologia (PMT) from Castelldefels (Spain) with a 525 kg/m3
density. This level of density is considered to be from the curing
stage and, as such, is considered to be a bad scenario for the measure
of capacitance. Still, working with compost in the latest stage is more
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comfortable for experimental purposes and more easy to manipulate
its characteristics as well. Still, if we obtain positive results with this
kind of compost then we can say it will work for earlier compost.
The measure which corresponds to C1 had a relative humidity
of 40.4 %, and the second measure which corresponds to C2 had a
relative humidity of 51.1 %, trying to approximately emulate the
permittivity values of the simulation. The measures of humidity
were obtained using the AND ML-50 Moisture Analyzer.
The dimensions of the compost layer were 6 cm high, 12.7 wide
and 22.5 long, contained on a PVC RS box.
We will measure these capacitances and apply to them the theoretical model to check the theoretical relation between relative
permittivities (ε1 /ε2 ).
Concentric electrodes
The coplanar concentric electrodes (Fig. 94) were designed to measure the changes when modifying the separation between electrodes
and the proportion between the sensing and the ground electrode.

Figure 94: Experimental concentric electrodes

The dimensions of electrodes EC1 and EC2 were ra = 1.05 cm,
rg,i = 1.95 cm and ra = 0.65 cm, rg,i = 2.35 cm, respectively. The
separation was 0.9 cm for EC1 and 1.7 cm for EC2. The performance of the nominal capacitance of the electrodes, their capacitance
change and their capacitance change over the nominal capacitance
in function of the separation between electrodes can be seen in Table
24.
If we now apply the theoretical model we obtain Table 25.

121

122

humidity system

lsep

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0.9 cm

7.49

13.30

5.81

77.60

1.7 cm

6.78

12.20

5.42

80.00

lsep ↑

↓

↓

↓

↑

Table 24: Concentric electrodes experimental performance in function of
lsep

lsep

C1 (pF)

ε1 · kc

C2 (pF)

ε2 · kc

ε1/ε2

0.9 cm

7.49

2.45

13.30

4.35

0.56

1.7 cm

6.78

8.15

12.20

14.70

0.56

Table 25: Theoretical model applied to the experimental performance in
function of lsep

The dimensions of electrodes EC3 and EC4 were lsep = 0.9 cm,
rg,i = 1.05 cm and lsep = 0.9 cm, rg,i = 1.8 cm, respectively. The
radius of the sensing electrode was 0.3 cm for EC3 and 1.8 cm for
EC4. The performance of the nominal capacitance of the electrodes,
their capacitance change and their capacitance change over the
nominal capacitance in function of the active electrode radius can
be seen in Table 26.
ra

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0.3 cm

8.27

10.60

2.37

28.70

1.8 cm

8.69

11.20

2.49

28.70

ra ↑

↑

↑

↑

=

Table 26: Concentric electrodes experimental performance in function of ra

If we now apply the theoretical model we obtain Table 27.
ra

C1 (pF)

ε1 · kc

C2 (pF)

ε2 · kc

ε1/ε2

0.3 cm

8.27

2.95

10.60

3.78

0.78

1.8 cm

8.69

0.46

11.20

0.59

0.78

Table 27: Theoretical model applied to the experimental performance in
function of ra

As can be seen the behavior of modifying the separation or the proportion in the sizes between the sensing and the ground electrodes,
is the same as seen in the simulations. The nominal capacitance is
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higher in the experimental case since the density of the compost is
much higher, hence the slope of the humidity/permittivity line is
higher the higher the density.
We can also see that for each case the relation ε1/ε2 from the
theoretical model is fulfilled, but when comparing both cases there
is a difference in the relation. Let’s analyze the interdigital electrodes
to see if this difference is consistent or isolated.
Interdigital electrodes
The coplanar interdigital electrodes (Fig. 95) were designed to measure the changes when modifying the separation between electrodes,
the length of their teeth and the number of teeth.

Figure 95: Experimental interdigital electrodes

The dimensions of electrodes EI1 and EI2 were wteeth1 = 0.65 cm,
wteeth2 = 0.65 cm, lteeth = 3.1 cm and wteeth1 = 0.3 cm, wteeth2 =
0.3 cm, lteeth = 3.4 cm, respectively. The separation was 0.9 cm for
EI1 and 1.5 cm for EI2. The performance of the nominal capacitance
of the electrodes, their capacitance change and their capacitance
change over the nominal capacitance in function of the separation
between electrodes can be seen in Table 28.
If we now apply the theoretical model we obtain Table 29.
The dimensions of electrodes EI3 were wteeth2 = 1.9 cm, ls =
1.5 cm. The length of the teeth was 0 cm for EI3 and 3.4 cm for EI2.
The performance of the nominal capacitance of the electrodes, their
capacitance change and their capacitance change over the nominal
capacitance in function of the teeth length can be seen in Table 30.
If we now apply the theoretical model we obtain Table 31.
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ls

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0.9 cm

6.99

12.10

5.14

73.60

1.5 cm

5.28

9.43

4.14

78.40

ls ↑

↓

↓

↓

↑

Table 28: Interdigital electrodes experimental performance in function of ls

ls

C1 (pF)

ε1 · kc

C2 (pF)

ε2 · kc

ε1/ε2

0.9 cm

6.99

1.84

12.10

3.19

0.58

1.5 cm

5.28

3.59

9.43

6.41

0.56

Table 29: Theoretical model applied to the experimental performance in
function of ls

lteeth

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0 cm

6.37

9.47

3.11

48.80

3.5 cm

5.28

9.43

4.14

78.40

lteeth ↑

↓

↓

↓

↑

Table 30: Interdigital electrodes experimental performance in function of
lteeth

lteeth

C1 (pF)

ε1 · kc

C2 (pF)

ε2 · kc

ε1/ε2

0 cm

6.37

28.3

9.47

42.1

0.67

3.5 cm

5.28

4.42

9.43

7.90

0.56

Table 31: Theoretical model applied to the experimental performance in
function of lteeth

The dimensions of EI4 were lteeth = 3.1 cm, wteeth1 = 2.2 cm,
wteeth2 = 0.65 cm, ls = 0.9 cm. The number of teeth was 2 for EI4
and 4 for EI1. The performance of the nominal capacitance of the
electrodes, their capacitance change and their capacitance change
over the nominal capacitance in function of the number of teeth can
be seen in Table 32.
If we now apply the theoretical model we obtain Table 33.
The same behavior as in the simulations is confirmed.
As for the application of the theoretical model we see that case to
case there is a difference in the ε1/ε2 relation.
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#teeth

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

2

6.79

10.40

3.58

52.80

4

6.99

12.10

5.14

73.60

#teeth ↑

↑

↑

↑

↑

Table 32: Interdigital electrodes experimental performance in function of
#teeth

#teeth

C1 (pF)

ε1 · kc

C2 (pF)

ε2 · kc

ε1/ε2

2

6.79

1.00

10.40

1.53

0.65

4

6.99

0.81

12.10

1.40

0.58

Table 33: Theoretical model applied to the experimental performance in
function of #teeth

4.4.5 Conclusions
We have successfully simulated and tested experimentally the behavior of nominal capacitance, capacitance change and capacitance
change over capacitance, when modifying dimensions in interdigital
and concentric coplanar electrodes.
To check the consistency of our theoretical models, we have applied
them to the experimental results and have obtained the relation
ε1/ε2 for all cases. This relation should be the same value and the
application of the theoretical model will give us an idea of how
good this model is for real experiments. In Figure 96 we show the
histogram for the values obtained of the ε1/ε2 relation.

Figure 96: Histogram of the ε1/ε2 relation of the theoretical model applied
to all the experimental cases
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The average of the values is around 0.63 and the standard deviation
0.08. If we calculate the standard error of the mean we obtain 2.82 %
which gives us a good feeling of the consistency of the theoretical
model when using it on our theoretical models for concentric and
interdigital electrodes.
On the other hand, the following recommendations for the design
of electrodes where obtained from the behavior of the electrodes:
If we were interested in an application that needs a minimum
value of capacitance and/or an application in which the predominant disturbance is the noise of the system (is not affected by
the uncertainty in the material composition), we can use concentric
electrodes to have the biggest nominal capacitance (C) and/or the
biggest sensitivity (4C) respectively. For both cases we need to
decrease the separation between electrodes and to make the sensing
electrode much bigger than the ground electrode.
If we were interested in avoiding corner effects, regardless of the
nominal capacitance (C) and the sensitivity (4C), we should use
concentric electrodes maximizing the relative sensitivity (4C/C1 ),
increasing the separation as much as possible.
Since we are interested in an application in which the predominant disturbance is the inaccuracy due to the heterogeneity of
the material, we will use interdigital electrodes to have the biggest
relative sensitivity (4C/C1 ). In that case we need to increase the separation between electrodes, the length of the teeth and the number
of teeth.
If we were able to choose the size of the electrodes, then we
should have chosen to make them as big as possible, not only to
increase their nominal capacitance (C), but also their sensitivity
(4C).
Also we could have played and mix characteristics of electrodes by
designing hybrids electrodes, e.g. a concentric interdigital electrode
to avoid corner effects and to increase the relative sensitivity as
much as possible.
4.5

multilayer coplanar capacitive electrodes

Dielectric materials play an extensive role in both industrial applications and scientific research areas. Due to the need of electric
component miniaturization in modern integrated circuit industry,
there are palpable needs for dielectric measurements of low-loss
thin materials [105].
One important and practical field of material dielectric property
characterization is dielectrometry, which derives the complex permit-
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tivity of a test-piece from the measured sensor capacitance. Sensors
based in coplanar capacitive electrodes are widespread among the
most commonly used. Recent advances in such fields as nondestructive testing (NDT), microelectromechanical systems (MEMS),
telecommunications, chemical sensing, piezoacoustics, and biotechnology involve coplanar capacitive electrodes in very different ways
[76].
The most famous shape through history for coplanar capacitive
electrodes is the interdigital electrode design, the earliest example
is found in the patent of N. Tesla in 1891 [94]. And its theoretical
expressions for the calculation of their capacitance appeared in the
20s [95]. A part of coplanar interdigital electrodes the next more
used shape is the concentric electrode. As said before this shape is
not as old as interdigital but their use has been extended up to these
days [105]. Their advantages and disadvantages compared to the
interdigital are not really analyzed in the bibliography. As in the
interdigital case, there is poor research on the specific optimization
of shape and dimensions and so it is something else to take into
account.
Most of the analysis involving the use of this sensors do not take
into account the heterogeneity of the dielectric materials or the use of
thin protective layers. Full wave analysis of interdigital capacitors on
heterogeneous or multilayer substrates is a complex computational
problem [9]. But multilayered models have been studied for many
years looking for the optimal theoretical model [10, 11].
Similarly to the previous section, we will present an optimization
of the shape and dimensions of interdigital and concentric coplanar
capacitive electrodes but, in this case, using a multilayer dielectric.
As follows, a research of the theoretical models found in the state of
the art are analyzed. Then different configurations for interdigital
and concentric coplanar electrodes are simulated to see the behavior
in function of the dimensions and shape. Then, those configurations were experimentally tested and some conclusions and design
recommendations were finally extracted.
4.5.1 Theoretical models
The available analytical solutions [12, 13] are limited to homogeneous substrates and equal finger and slot widths. Lately, simple
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formulas have been proposed for IDC with a dielectric layer on top
of thin conducting strips [11].
"
C = 2ε0 εe

K (k3 ) K (k4 )
+

K k30
K k40

#
(4.15)

where ε0 is the relative permittivity of the air, εe is the effective
permittivity of the multilayer, and K (k3 ) is the complete elliptic
integrals of k3 (dependent on the physical dimensions from region 3
of the electrodes), K (k4 ) of k4 region 4 (dependent onq
the physical

dimensions from region 4 of the electrodes), k30 =
1 − k23 and
q
k40 = 1 − k24 .
These formulas do not take into account the fringing field of the
finger ends, and lead to higher capacitances in comparison with the
widely used formulas [12, 13].
The processing of such complex theoretical models require heavy
computational work that would imply spending great effort and time
in something that can be easily done using simulation tools. Also,
taking into account the inaccuracy of approximated calculations we
decided simulating the different electrode configurations in order to
have the highest accuracy with the minimum complexity. Moreover,
whilst there are different theoretical models for each shape, the
simulation process is the same.
In the case of concentric capacitive electrodes, the transcapacitance
CT between the two electrodes, can be calculated through [105]

CT =

Qouter
Vinner

(4.16)
Vouter =0

where Qouter is the total charge on the outer electrode, while
Vinner and Vouter respectively represent the voltage on the inner
and outer electrodes. The total charge, on both inner and outer
electrodes, can be found integrating over the electrode surfaces
with the surface charge distribution σ (ρ 0 ). In order to calculate the
surface charge distribution, Green’s functions [6] for the method
of moments (MoM) [7] are used. We have to take into account that
the method of moments is used in simulation tools, and hence we
see that for complex theoretical models in the case of concentric
capacitive electrodes the option is also simulating. On the other
hand the voltage Vinner is obtained discretizing an integral equation
using weighting functions in each of the N dielectric layers.
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Considering all previous models we will work with simulations to
fulfill our objective of finding the design optimization for interdigital
and concentric electrodes.
4.5.2 Simulation
The same technical specifications were used as previously for all
simulations
Concentric electrodes inside ball
The concentric electrodes consisted of an active circular electrode of
radius ra and width 1 mm, surrounded by a ground ring electrode
of outer radius of 3 cm, inner radius rg,i and width 1 mm. The resin
layer and the active shield were 6 cm radius circles with 1 mm width.
The electrodes were surrounded by a 9 cm diameter polyurethane
sphere (relative permittivity of 3.3 [63]). This sphere was plain on an
extreme cutting off a 1/4 part of the total area, and the electrode was
placed 3 mm under this plane cut inside the polyurethane protection
(Fig. 97).

Figure 97: 3D Concentric electrodes inside ball

The simulations were realized in order to see the performance of
the electrodes when varying the separation between electrodes or
the size of one electrode respect to the others.
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separation between electrodes (lsep ) In this case we simulated the change in capacitance in function of the separation between electrodes (lsep = rg,i − ra ). The size of both electrodes was
equally reduced as the separation increased. Their start values for
lsep = 0.3 cm were ra = 1.35 cm and rg,i = 1.35 cm. The subsequent
iterations followed by increasing lsep by 0.2 cm, and reducing ra and
rg,i by 0.1 cm. The penultimate value was lsep = 1.7 cm and then a
jump is made with a final simulation with lsep = 2.8 cm.
From Fig. 98 we obtain that if you want to increase the nominal
value of capacitance you need to reduce the separation between
electrodes. This is logical since what we are doing is increasing the
size of the electrodes.

Figure 98: Nominal Capacitance change in function of lsep

In Fig. 99 we see that the smaller the separation between electrodes,
the bigger is the capacitance change.
And from Fig. 100 we see that if you want to maximize the capacitance change over the nominal capacitance you have to increase
the separation. If the electrodes are too close from each other, the
electromagnetic waves concentrate inside the layer of polyurethane
and the layer of resin and hence we lose sensitivity.
There is a moment in which we cannot improve anymore and the
increasing of the separation becomes harmful. This may come from
the moment no electromagnetic field remains inside the polyurethane
layer, and thus if we increase the separation we reduce the size of
the electrodes and have the same effect as in Fig. 98 and 99.
active electrode vs ground electrode In these simulations we measured the change in capacitance in function of the
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Figure 99: Capacitance change in function of lsep

Figure 100: Capacitance change over Nominal Capacitance in function of
lsep

size of the active electrode. The separation between electrodes was
fixed as lsep = 0.15 cm and the start values were ra = 0.3 cm and
rg,i = 2.55 cm. The next iterations followed by increasing ra by 0.3
cm and decreasing rg,i by 0.3 cm. The last value is ra = 2.4 cm.
As we can see in Fig. 101 the bigger the area of the active electrode
the higher the capacitance. If we increase the active area maintaining
the same separation the number of waves passing through compost is bigger, and since the resin layer effect is kept the same, the
capacitance change increases.
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Figure 101: Nominal Capacitance in function of ra

The same happens with the capacitance change (Fig. 102) except
for some values in which the ground electrode must so small that
the waves need to find other ways into it as around the protection.

Figure 102: Capacitance change in function of ra

The nominal capacitance over the capacitance change also increases
as the area of the active electrode does (Fig. 103). This may be due
to the increase of electromagnetic waves that are not confined inside
the protection as the active electrode increases. Also, in the same
way as in the capacitance change at the end the effect of increasing
the active electrode is counterproductive.
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Figure 103: Capacitance change over Nominal Capacitance in function of
ra

Interdigital electrodes inside ball
The interdigital electrodes are two pair of diagonally mirrored electrodes of thickness 1 mm and separated ls , consisting of a main
branch of a width wteeth1 and a height of 5.3 cm. From the main
branch, two teeth of length lteeth and width wteeth1 grow.
The resin layer and the active shield were 5.3 cm length squares
with 1 mm width. The reason to choose 5.3 cm of length is to have a
similar area to the 6 cm radius concentric electrodes in order to be
able to compare them.
The simulations were realized in order to see the performance of
the electrodes when varying the separation between electrodes, the
length of the teeth and the number of teeth of the electrodes.
In the same way as in the concentric electrodes, the interdigital
electrodes were simulated inside a polyurethane protection (Fig. 104)
to see how the optimization changes.
separation between electrodes (ls ) In this case we simulated the change in capacitance in function of the separation between
electrodes (ls ). The size of both electrodes was equally reduced in
height and width as the separation increased. The initial values were
ls = 0.3 cm, wteeth1 = 1.1 cm, wteeth2 = 1.1 cm and lteeth = 2.8 cm.
In each iteration ls was increased 0.2 cm, wteeth1 and wteeth2 were
reduced 0.15 cm and lteeth was increased by 0.1 cm. The last iteration
was ls = 1.7 cm.
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Figure 104: 3D Interdigital electrodes inside ball

As always, the bigger the separation the lower the nominal capacitance due to the reduction of area (Fig. 105).

Figure 105: Nominal Capacitance in function of lsep

Also, the same happens to the capacitance change (Fig. 106) but at
a lower rate.
The capacitance change over the nominal capacitance improves
as the separation increases (Fig. 107). The effect of the resin layer
and the polyurethane layer diminishes as the electromagnetic fields
expand through the compost when the separation is increased.
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Figure 106: Capacitance change in function of lsep

Figure 107: Capacitance change over Nominal Capacitance in function of
lsep

teeth length (lteeth ) In this case we simulated the change in
capacitance in function of the length of the teeth (lteeth ) maintaining wteeth1 and ls constant and modifying the width of the main
branches.
The initial values were lteeth = 0 cm, wteeth1 = 0.05 cm, wteeth2 =
1.8 cm and ls = 1.7 cm. In the next iteration lteeth was increased and
wteeth2 decreased, both by 0.4 cm. The following iterations lteeth was
increased and wteeth2 decreased, both by 1 cm.
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Fig. 108 shows the increase of capacitance when the length of the
teeth is decreased, due to the increase of the main branches and
hence in the electrode area.

Figure 108: Nominal Capacitance in function of lteeth

For the same reason the capacitance change also increases when
the length of the teeth is reduced (Fig. 109).

Figure 109: Capacitance change in function of lteeth

The difference appears when looking at the nominal capacitance
over the capacitance change (Fig. 110) where it decreases as the teeth
length increases. The decrease in the width of the main branches
makes the electromagnetic waves to look for other ways around the
protection to arrive to ground electrode.
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Figure 110: Capacitance change over Nominal Capacitance in function of
lteeth

number of teeth (n) In this case we simulated the change in
capacitance in function of the number of teeth (N) maintaining lteeth ,
ls and wteeth2 constant and modifying the width of the teeth wteeth1 .
The initial values were N = 2, ls = 0.4 cm, lteeth = 3.7 cm,
wteeth1 = 2.45 cm and wteeth2 = 1.20 cm. In each iteration the number of teeth was increased by one and wteeth1 evolved as wteeth1 =
(5.3 − ls · (N − 1)) /N.
Although the area of the electrodes is smaller the more teeth
there are, in Fig. 111 we see that the more teeth the higher the
capacitance. This can be explained as the increase of interaction
between electrodes when the number of teeth is increased, and
hence the electromagnetic waves travel a smaller distance between
electrodes and are less attenuated by the environment.
The difference appears when looking at the change in capacitance
and the change in capacitance over the nominal capacitance in Fig.
112 and Fig. 113 respectively, that decrease the more teeth there are.
Since the distance the electromagnetic waves travel decreases the
more teeth there are, the more the waves are confined into the
protection, and so the sensitivity to changes decreases.
Coplanar parallel electrodes inside ball
For the measuring of permittivity changes in compost from the
inside of a protection we have seen that interdigital electrodes have
higher values of capacitance change and capacitance over capacitance change (Table 34) than concentric electrodes. And the opposite
happens for the nominal capacitance.
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Figure 111: Nominal Capacitance in function of N

Figure 112: Capacitance change in function of N

Maximum values

Concentric

Interdigital

Nominal Capacitance

9 pF

5.5 pF

Capacitance change

0.49 pF

0.55 pF

0.17

0.22

Nominal Capacitance
over Capacitance change

Table 34: Interdigital vs Concentric electrode performance

If we were not interested in the value of the nominal capacitance,
we would have to choose the interdigital shape when the separation
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Figure 113: Capacitance change over Nominal Capacitance in function of
N

is the biggest, the length of the teeth are the shortest, and the number
of teeth is the minimum. Hence, the resulting electrode configuration
would be coplanar parallel electrodes with a high separation.
We simulated the effect of the separation on parallel electrodes
when measuring the nominal capacitance, the capacitance change
and the capacitance change over the nominal capacitance and we
obtained Fig. 114, 115 and 116.

Figure 114: Nominal Capacitance in function of lsep
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Figure 115: Capacitance change in function of lsep

Figure 116: Capacitance change over Nominal Capacitance in function of
lsep

As we can see the more separated the less nominal capacitance and
capacitance change as was obtained from previous configurations.
In the case of capacitance change over nominal capacitance we see
that this coefficient improves as the separation is increased until
a moment in which it improves no more and starts decreasing.
This effect comes from the point in which the electrode size is so
small that waves have to look for other ways out of the compost
environment to reach ground.
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4.5.3 Experimental results
To verify the results obtained from the simulations an experiment
was set up. Some electrodes were designed and built based on the
design changes of the simulations. The electrode output consisted
of an SMA connector to be able to connect it directly to a Agilent
42941A Impedance probe for the Hewlett Packard 4294A Impedance
Analyzer, as can be seen in Fig. 117.

Figure 117: Experimental setup

The same exact setup and characteristics as in the single layer case
was used. The only difference has been that a polyurethane layer
was placed between the compost and the electrodes. That layer was
circular, 3 mm thick and had a 4 cm radius. We did not consider the
whole protection shown in the simulations since the active guard
under the electrodes prevents waves from propagating backwards.
Concentric electrodes
The coplanar concentric electrodes (Fig. 118) were designed to measure the changes when modifying the separation between electrodes
and the proportion between the sensing and the ground electrode.
The dimensions of electrodes EC1 and EC2 were ra = 1.05 cm,
rg,i = 1.05 cm and ra = 0.65 cm, rg,i = 0.65 cm, respectively. The
separation was 0.9 cm for EC1 and 1.7 cm for EC2. Their performance
can be seen in Table 35.
The dimensions of electrodes EC3 and EC4 were lsep = 0.9 cm,
rg,i = 1.05 cm and lsep = 0.9 cm, rg,i = 1.8 cm, respectively. The
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Figure 118: Experimental concentric electrodes

lsep

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0.9 cm

6.97

8.17

1.20

17.20

1.7 cm

6.49

7.64

1.15

17.60

lsep ↑

↓

↓

↓

↑

Table 35: Concentric electrodes experimental performance in function of
lsep

radius of the sensing electrode was 0.3 cm for EC3 and 1.8 cm for
EC4. Their performance can be seen in Table 36.
ra

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0.3 cm

7.94

1.02

2.29

28.8

1.8 cm

7.98

1.06

2.66

33.3

ra ↑

↑

↑

↑

↑

Table 36: Concentric electrodes experimental performance in function of ra

As can be seen the behavior of modifying the separation or the proportion in the sizes between the sensing and the ground electrodes,
is the same as seen in the simulations. The nominal capacitance is
higher in the experimental case since the density of the compost is
much higher, hence the slope of the humidity/permittivity line is
higher the higher the density.
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Interdigital electrodes
The coplanar interdigital electrodes (Fig. 119) were designed to measure the changes when modifying the separation between electrodes,
the length of their teeth and the number of teeth.

Figure 119: Experimental interdigital electrodes

The dimensions of electrodes EI1 and EI2 were wteeth1 = 0.65 cm,
wteeth2 = 0.65 cm, lteeth = 3.1 cm and wteeth1 = 0.3 cm, wteeth2 =
0.3 cm, lteeth = 3.4 cm, respectively. The separation was 0.9 cm for
EI1 and 1.5 cm for EI2. Their performance can be seen in Table 37.
ls

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0.9 cm

6.89

7.48

0.59

8.55

1.5 cm

6.07

6.59

0.52

8.58

ls ↑

↓

↓

↓

↑

Table 37: Interdigital electrodes experimental performance in function of ls

The dimensions of electrodes EI3 were wteeth2 = 1.9 cm, ls =
1.5 cm. The length of the teeth was 0 cm for EI3 and 3.4 cm for EI2.
Their performance can be seen in Table 38.
The dimensions of EI4 were lteeth = 3.1 cm, wteeth1 = 2.2 cm,
wteeth2 = 0.65 cm, ls = 0.9 cm. The number of teeth was 2 for EI4
and 4 for EI1. Their performance can be seen in Table 39.
Again the same behavior as in the simulations is confirmed.
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lteeth

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

0 cm

6.04

9.47

3.43

56.80

3.5 cm

5.72

6.47

0.75

13.20

lteeth ↑

↓

↓

↓

↓

Table 38: Interdigital electrodes experimental performance in function of
lteeth

#teeth

C1 (pF)

C2 (pF)

4C (pF)

4C/C1 (%)

2

6.25

7.40

1.15

18.40

4

6.31

7.44

1.13

17.80

#teeth ↑

↑

↑

↓

↓

Table 39: Interdigital electrodes experimental performance in function of
#teeth

Coplanar parallel electrodes with polyurethane layer
The coplanar parallel electrodes chosen were also designed to corroborate the results obtained in the simulations, when varying
the separation between electrodes. The dimensions of EP were
wteeth2 = 0.3 cm, ls = 4.7 cm. The separation for EI3 was 0.9 cm and
for EP 4.7 cm. Their performance can be seen in 40.
ls

C1 (pF)

C2 (pF)

4C (pF)

4C/C1

0.9 cm

5.58

6.63

1.05

18.80

4.7 cm

4.99

6.00

1.01

20.20

ls ↑

↓

↓

↓

↑

(%)

Table 40: Parallel electrodes experimental performance in function of ls

Finally, the last electrode experimental behavior also corresponded
the one found in the simulations.
4.5.4

Conclusions

We have successfully simulated and tested experimentally the behavior of nominal capacitance, capacitance change and capacitance
change over capacitance, when modifying dimensions in interdigital and concentric coplanar electrodes for multilayer dielectrics.
The following recommendations for the design of electrodes where
extracted:

4.6 final electrode calibration

We could use concentric electrodes to have the biggest nominal
capacitance and the sensitivity (4C) when the predominant disturbance is the noise of the system and also to avoid corner effects. If
we wanted them for the first thing then we need to decrease the
separation and to increase the sensing electrode as much as possible.
If we wanted them only for the second reason then, to increase the
sensitivity when the error depends on the relative permittivity, we
need to increase the separation and the sensing electrode, avoiding
the limit cases which produce the opposite effect.
We will use parallel electrodes to have the biggest relative sensitivity (4C/C1 ) since the the predominant disturbance is the inaccuracy
due to the heterogeneity of the material. To do so we need to increase
the separation as much as possible without reaching the limits. Also
we have to be careful since these electrode design is the one with
the lowest nominal capacitance.
4.6

final electrode calibration

Coplanar parallel electrode have the highest sensitivity when the
separation is not too big nor too small. However, as explained before,
the higher the sensing sensitivity the higher the sensitivity error. We
have determined that the best error-sensitivity relation appears when
the separation is as big as possible. And, although experimentally
the nominal capacitance has resulted bigger than 1 pF, theoretically
this value can be smaller1 . As such, it has been determined that
the suitable electrodes for our application would be the coplanar
parallel electrodes with a separation of 0.9 cm.
Now we will calibrate the geometry factor of these electrodes by
calibrating them.
If we calculate the relative permittivity of C1 = 5.58 pF with
equation (4.6) and then we calculate the calibration factor (Kc · Γ )
with Equation 4.1 we obtain a value of 0.0437.
If we do the same for C2 = 6.63 pF we obtain a calibration factor
of 0.0383. As we can see the difference between the two calibrated
factors is considerably big (a 12.36 % difference). This is normal
due to what we said at the beginning of the chapter, compost is a
very heterogeneous material and Equation 4.1 answers to a single
dielectric. To this we can add the error in the calculation of humidity
with the moisture analyzer. As said in the first chapter, current
commercial humidity sensors are accurate within a 5-10% margin,
1 We have to take into account that the compost used in the experimental setup
was much more dense than the supposed in the simulations which would be
translated as a relative permittivity of around 20.
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and as such their measure may have caused the calibration factor to
vary between a 5 and 10 %.
In our case, to reduce the uncertainty, we can average the calibration factor to obtain a better reference. Obviously, with more
samples the calibration factor uncertainty could be reduced more. A
part, we should do a calibration curve dependent on the humidity
level.
4.7

electrode design conclusion

We have obtained a theoretical model for the calculation of the
capacitance for concentric and interdigital electrodes. This model
can be used to calculate the relative permitivity of a material in
contact with the elctrodes. If a protective layer is put between the
electrodes and the material under test then the theoretical model
would measure the permittivity of both materials.
The theoretical model can be used to see what kind of concentric
or interdigital electrode would be more suitable for a specific application. Nevertheless, some recommendations for the design of
electrodes have been extrapolated in function of their application:
If the electrodes will be in direct contact with the dielectric under test
You can use concentric electrodes to have the biggest nominal capacitance and the biggest sensitivity when the noise does not change
in function of the relative permittivity, and to avoid corner effects.
Whether you are interested on one of their advantages or all of them,
you have to take into account that if you want to have the highest
sensitivity you need to decrease the separation between electrodes
and to make the sensing electrode much bigger than the ground
electrode. In the case you want the highest sensitivity when the
noise depends on the relative permittivity, you need to increase the
separation as much as possible.
You can use interdigital electrodes to have the biggest sensitivity
when the noise changes in function of the relative permittivity. In
that case you need to increase the separation between electrodes, the
length of the teeth and the number of teeth.
If the electrodes have a protective layer
You can use concentric electrodes to have the biggest sensitivity
when the noise does not change in function of the relative permittivity, and to avoid corner effects. If you want them for the first thing
then you need to decrease the separation and to increase the sensing

4.7 electrode design conclusion

electrode as much as possible. If you want them only for the second
reason then, to increase the sensitivity when the error depends on
the relative permittivity, you need to increase the separation and
the sensing electrode, avoiding the limit cases which produce the
opposite effect.
You can use parallel electrodes to have the biggest sensitivity when
the noise changes in function of the relative permittivity. To do so yo
need to increase the separation as much as possible without reaching
the limits. Also yo have to be careful since these electrode design is
the one with the lowest nominal capacitance.
Others
If you can change the size of the electrodes then choose to make
them bigger, not only to increase their nominal capacitance, but also
their sensitivity. Also if you want to mix characteristics of electrodes
you could design hybrids electrodes, e.g. a concentric interdigital
electrode to avoid corner effects and to increase the sensitivity as
much as possible when the electrode is not in direct contact with
the dielectric under test.
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It’s more fun to arrive a conclusion than to justify it.
— Malcolm Forbes, pulbisher

5

CONCLUSIONS

Along the development of this thesis compost has been proved to be
a very complex material for monitoring, study and characterization.
As follows we will detail conclusions for the different objectives of
the project and for the overall thesis.
First of all, a temperature system has been developed embedded
into a protective material able to measure and record temperature, to
operate inside a compost pile (or whichever enclosure we were using)
for at least two months recording samples every half an hour. We
found that the protective material delayed the thermal conductivity
and the measured temperature followed the compost temperature
with a first order delay. To compensate this effect an algorithm
implementable in microcontrollers was developed to calculate the
the tendency of the first order (this method allows the final value to
be found in 65 % of the time required using the first-order system
generic equation for an error lower than 0.1 %, or 59 % of the time
for an error lower than 1 %). To be able to have an autonomous
system we applied different techniques for consumption saving; one
of them was the direct sensor-to-microcontroller interface which we
proved to consume much less than classic conditioning at the cost
of some resolution. At the end, our system was able to successfully
measure through an experiment on a compost pile for two months
(although it could have last longer).
Secondly, the wireless communication in compost was studied
to remotely send the measures to the operator without any intervention in the monitoring system.We saw that the attenuation in
compost was bigger than in air or soil, and that it increased with the
frequency. Still, we found that for lower bands (under 500 MHz) the
communications were possible for distances around 10 m. We decided to use the 433 MHz free band for the transmission in compost
mainly for its good relation attenuation/consumption and because
of the availability of transmitting devices at this frequency band.
We developed experiments to see what was the attenuation of 433
MHz antennas, inside of the protective capsule, in function of the
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distance. We saw that the protective layer detuned the antenna and
displaced the design frequency which we propose that could be
compensated through a tuning circuit connected to the antenna. We
also saw that the attenuation of compost was inversely proportional
to the distance elevated to 3. Some tests based on our study were
realized inside a compost pile and proved that a distance of 3 to 4
m allowed a proper transmission of information through compost.
Finally, the optimal method of measure of the humidity of compost
from the inside of a protective capsule was studied. We developed
a humidity sensor system based on the changes of a pair of coplanar capacitive electrodes placed inside a capsule which allowed a
local measure of humidity with a low consumption. Before, though,
we characterized the relative permittivity of compost to see how
humidity, density, temperature and salt content affected. We found
that impedance measures of compost with capacitive electrodes at
frequencies from 25 MHz to 100 MHz allowed neglecting the effect
of temperature and salt content. At the end we extracted an equation
which described the relative permittivity of compost in function of
its humidity and density.
Regarding the shape and dimensions of the coplanar capacitive
electrodes we simulated different cases for concentric and interdigital electrodes. The results of the simulations were modeled and
an equation for each type was obtained. The simulations and the
equations were compared to some lab experiments and their acceptable use for experimental cases was demonstrated. Together with
the equations some recommendations were defined to help design
an optimum electrode in function of the disturbance sources. In our
case, since we have a protective capsule and our main disturbance is
the uncertainty of the material under measure we would use parallel
coplanar electrodes increasing the separation as much as possible
without reaching the limits.
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T E M P E R AT U R E S Y S T E M C O M P O N E N T
SELECTION

As follows we will explain the rest of the components of the architecture, their options and their justifications.
a.1

microcontroller

In order to manage and control any kind of system a brain is needed.
This brain is not required to be complex, and for autonomous systems as our application they can be as simple as a microcontroller.
A microcontroller (also microcontroller unit, MCU or µC) is a small
computer on a single integrated circuit consisting of a relatively
simple CPU combined with support functions such as a crystal
oscillator, timers, watchdog, serial and analogue I/O, etc [128].
There are many microcontroller manufacturers, but the most important ones are Atmel Corporation, Microchip Technology and Texas
Instruments. Focusing on the main manufacturers increases the availability of the products, technical support disposal and the possibility
of obtaining samples.
Our microcontroller should have a flash memory over 8 kbits in
order to be able to implement an algorithm for controlling and
managing the whole system. This number was found from the
experience on the design of a previous temperature system, in which
an 8 kbit capacity was needed to implement its algorithm[129].
To be able to download and upload data between the microcontroller and a computer, a serial UART is needed. A part, in order
to communicate with the real time clock and the EEPROM devices
an i2C bus interface is required. I2C uses the typical master-slave
architecture of the microcontroller systems. Unlike the CAN bus
interfaces, the i2C consumption is lower and its transmission speed
is bigger.
As will be explained in the sensor conditioning section, in order
to use the direct sensor-to-microcontroller interface, as the signal
conditioning method, an external interruption port with an Schmitt
trigger integrated is needed. Nowadays, all new microcontrollers do
have this feature, but when searching it is important to make it sure.
When looking for the specifications we need within the Atmel
products we found many MCU fulfilling them. The lowest prize was
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5.55 € (1 unit. Farnell) and Atmel MCUs are well known for their
powerful and efficient C compilers.
As for the Microchip MCUs, according to its parametric search,
there was just one microcontroller that had the desired specifications:
the PIC18F6393. Its prize was 4.64 € (1 unit. Farnell) and did not
specify about external interruption ports with integrated Schmitt
Trigger. Microchip also has good C compilers but worse than Atmel.
As Atmel, Texas Instruments (TI) has many MCUs fulfilling our
specifications and the lowest prize is 4.32 € (1 unit. Farnell). TI has
the worst C compilers from the three main manufacturers, but its
MCUs have great control over the sleep mode. They have different
sleep modes and it is possible to wholly control what is active each
time. Besides they have different clock options, meaning that the
internal clock can be used for non accurate functions and external
clocks (which can be greatly divisible) for accurate functions.
Since TI has the lowest prize and it can minimize the system
consumption with the features previously described we will choose
to work with this MCU family. As follows, in Table 41 we can see
the TI MCUs that fulfill our specifications:
Max

Standby

Active

Speed

Current

Current

(MHz)

(ÂµA)

(mA/MHz)

MSP430F155

8

1.1

0.33

0

4.95

MSP430F2252

16

0.5

0.27

0

2.20

MSP430F2254

16

0.5

0.27

2

2.40

MSP430F2350

16

0.7

0.27

0

2.20

MSP430F4152

8

0.9

0.22

0

1.90

Part Number

Price
Op Amps

(US$)
1ku

Table 41: Texas Instruments MCUs comparative

As we can see the first device, the MSP430F155, is really expensive
compared to the other ones and, besides, its consumption is much
higher, therefore it is discarded.
The last one, the MSP430F4152, has the lowest price, but it has a
lower speed than the rest and its standby current is higher. It is true
that it has a lower active current, but since we will try to leave the
system sleeping the maximum possible time we are more interested
on a lower standby current.
The three left have a similar prize, but the MSP430F2350 has a
higher standby consumption. The other two have exactly the same
characteristics except for the prize, the MSP430F2252 is slightly
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cheaper, and that the MSP430F2254 has two internal operational
amplifiers. The prize is too similar and it is possible that the internal
operational amplifiers may become useful; therefore we decided to
initially use the MSP430F2254.
a.2

sensor

Resistance Temperature Detector (RTD), thermocouple, thermistor,
and Integrated Circuit (IC) sensors are all useful temperature measurement options, with thermistors and IC sensors relegated to
narrower temperature ranges than RTDs and thermocouples.
RTDs provide higher accuracy because platinum is more stable
than most of the materials used in thermistors, thermocouples, and
IC sensors. RTDs, thermistors, and IC sensors use standard instrumentation wire to connect to the measurement or control equipment.
Thermocouples, on the other hand, require special thermocouple
extension wire.
Thermocouples are generally less expensive than RTDs, but are
competitive with thermistors and IC sensors in some applications.
They are more durable in high-vibration or mechanical shock applications, and are usable for measuring high temperatures. Because
the different types of thermocouples are standardized, they can be
easily replaced when necessary.
Thermistors provide higher resolution than RTDs or thermocouples, and generally cost less. Their lower temperature range and
nonlinearity limit their ability to work over large temperature excursions. Their low mass and small size give them quick response to
temperature changes. The lack of standard resistance vs. temperature
curves can cause difficulty in replacing sensors when needed.
IC and RTDs are linear sensors with a low prize, and an easy
conditioning. For our application we need to have a good accuracy
level and IC temperature sensors do not fulfill this. Thermocouples
have an even better accuracy than RTDs, but their special wire
requirements make them unsuitable for our setup. In Table 42 it is
possible to see some mayor commercial examples for each type of
temperature sensor. The RTD temperature chosen for our application
is the Pt1000 which, besides, will allow using some new conditioning
methods.
a.3

real-time-clock (rtc)

To keep the track of the current time when the measurements or
different operations are realized, a Real-time-clock (RTC) is needed.

A.3 real-time-clock (rtc)

Sensor

Pt1000

PRC 100

LM35

BTC-1

Type

RTD

Thermistor

IC

Thermocouple

Manufacturer

Labfacility

Tektronix

National

TC-OMEGA

Supply

-

5 to 12

4 to 20

-

range (°C)

-50 to 500

-40 to 150

-55 to 150

-100 to 400

Accuracy (°C)

±0.1

±0.1

±0.5

±0.05

Prize (€)

7.53

10.31

0.81

7.65

Voltage (V)
Temperature

Table 42: Commercial Temperature sensors

The main RTC manufacturers are Epson Toyocom Corporation, Intersil Corporation, Maxim Integrated Products, Micro Crystal AG, NXP
Semiconductors and STMicroelectronics N.V..
For our system we need an RTC controlled through an i2C bus
interface and it should be able to work at temperatures over 70 ◦ C.
Also, it should have a minimum voltage supply of 3 V in order to
agree with our selected microcontroller requirements and its prize
and current consumption must be the lowest.
From all the listed manufacturers the more economical ones were
STMicroelectronics, NXP, Intersil and Maxim, as can be seen in Table
43.
Epson

Intersil

Maxim

Micro Crystal

NXP

STM

4€

2.07 €

2.27 €

10.52 €

1.84 €

1.38 €

Table 43: Minimal prize within the RTC fulfilling the specified requirements (data according to Farnell)

If we compare the devices with the better relation current consumptionprize of each of these manufacturers, we obtain Table 44.
As can be seen, the cheapest device is the PCF8563T of NXP Semiconductors; moreover it is the one with the lowest standby current
supply. The system will be designed in order to be sleeping the maximum possible time, therefore the current supply that will rule will
be the standby current. Thus the selected RTC was the PCF8563T.
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Manufacturer

Intersil

Maxim

NXP

STM

Name

ISL1220IUZ

DS1371U

PCF8563T

M41T00S

[2.7, 5.5]

[1.7, 5.5]

[1.8, 5.5]

[2.7, 5.5]

120

150

800

300

5

70

1.7

70

[-40, 85]

[-40, 85]

[-40, 85]

[-40, 85]

2.07

2.27

1.84

1.98

Voltage
range (V)
Active current
supply (µA)
Standby current
supply (µA)
Op. temperature
range (◦ C)
Prize (€)
(Farnell)

Table 44: Comparative of the different manufacturer RTC devices

a.4

electrically erasable programmable read-only memory (eeprom)

In order to have a record of the measurements, as a backup or as
a monitoring report, an Electrically Erasable Programmable ReadOnly Memory (EEPROM) is needed.
The main EEPROM manufacturers are Atmel Corporation, ON Semiconductor, Microchip Technology and STMicroelectronics N.V..
As for the RTC, we need an EEPROM controlled through an i2C
bus interface, able to work over 70 ◦ C, with a minimum voltage
supply of 3 V and its prize and current consumption must be the
lowest.
As for the capacity we can take the following example of storage.
Let us suppose that we take temperature samples once each hour
(the minimum stated in Chapter 2) during two months (composting
process duration). The information stored each time is the following:
Nx , Nc1 , Nc2 , day, month, year, hours, minutes and seconds. Nx , Nc1
and Nc2 are the times of discharge of the resistances Rx (Pt1000),
Rc1 and Rc2 (short-circuit) in the direct sensor-to-microcontroller
interface (Sensor conditioning section); and each of them is a variable
of 16 bits. As for the day, month, year, hours, minutes and seconds,
those are 8 bits variables. Therefore each hour we store 96 bits. If we
make the calculation the total information stored is:

96

days
bits
hours
· 2 month · 30
· 24
= 138240 bits = 135 kbits
hour
month
day

A.5 voltage regulator

We can estimate that an EEPROM of 250 kbits or higher would be
suitable for our needs.
From each of the manufacturers listed we chose the device with
the best relation prize-current consumption and developed Table 45.
Manufacturer

Atmel

ON

Microchip

STM

Name

AT24C25BN

CAT24C256

24AA256

M24256

Capacity (kbits)

256

256

256

256

[1.8, 5.5]

[1.8, 5.5]

[1.7, 5.5]

[1.7, 5.5]

2

1

0.4

2

3

3

3

5

6

1

1

5

[-55, 125]

[-65, 150]

[-40, 85]

[-40, 85]

2.21

1.86

1.72

1.37

Voltage
range (V)
Op. current
(Read) (mA)
Op. current
(Write) (mA)
Standby current
supply (µA)
Op. temperature
range (◦ C)
Prize (€)
(Farnell)

Table 45: Comparative of the different manufacturer EEPROM devices

As we can see the device with the lowest current consumption is
the 24AA256 of Microchip Technology. It has not the lowest prize, but
the difference is extremely low. Thus the selected EEPROM was the
24AA256.
a.5

voltage regulator

The voltage regulator used was the MAX882 of Maxim which gives
a regulated output in order to eliminate the noise in the supplying
line. Also it has a shutdown feature which would allow switching
off the whole circuitry, reducing the supplied current to less than
1 µA. It has a large input range (from 2.7 V to 11.5 V) and a fixed
output voltage (of 3.3 or 5 V). Its temperature range goes from -40
o C to 85 o C and its quiescent current is of 15 µA. Finally, the best
feature is the low dropout, which allows avoiding problems with
the lowest usable voltage.
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Figure 120: Voltage regulator circuit provided by the manufacturer (Taken
from 5V/3.3V or Adjustable, Low-Dropout Low Iq, 200mA
Linear Regulators Datasheet)

In order to supply a regulated voltage of 3.3 V we designed the
voltage regulator circuit with the circuit provided by the manufacturer (Fig. 120).
a.6

batteries

The batteries used were the 1/2 AA lithium thionyle, reed-less, nonrechargeable batteries provided by RS Amidata. These batteries stand
temperatures until 85 ◦ C, deliver 3.5 V and have a nominal capacity
of 950 mAh.
The consumption of each component of the temperature system
during each interval of the monitoring (1 h) can be seen in Table 46.
As can be seen, most of the devices are active during a very short
time and sleeping most of the time. The ON-OFF method allows
the consumption of the system to reduce a lot and even more when
using more than one sleep state in the MCU.
The average consumption (Is,m ) is therefore

Is,m =

N
X
Is,i · ti
0

tT

(A.1)

A.6 batteries

Device
Microcontroller
EEPROM
RTC
Voltage Regulator

Mode

Current (A)

Time (s)

Active

5.50E-04

1.25E-03

Low Power Mode 0

3.00E-06

3599.918755

Low Power Mode 3

3.80E-06

0.08

Write

3.00E-03

2.25E-06

Sleep

1.00E-06

3599.999998

Active

8.00E-04

2.13E-06

Sleep

6.50E-07

3599.999998

Always

1.50E-05

3600

Table 46: Temperature system consumption

where Is,i is the supplied current of component ’i’, ti is the time
this ’i’ component is working and tT is total amount of time the
system works.
If we calculate Is,i we get an average consumption of 1.97E-02 mA,
which for the decomposition stage (2 months) would need a battery
of 28.3 mAh. Therefore these batteries would stand more than 33
uses.
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There are several elements within the composting process that are
harmful for an electronic circuit unless protected. The pressure and
machinery found during the composting process are physically
harmful; the gasses and liquids generated during the composting
process are chemically harmful; and the temperature and the moisture content are characteristics of the harmful environment of the
composting process. Therefore, a proper protection, taking into
account that its worsening cannot contaminate the composting material, is needed gathering the following characteristics.
b.1

physical protection

Temperature during the composting process is critical, and if too
high, the decomposing agents die. To decrease temperature a compost turner (Fig. 121), together with some watering, is typically
used.

Figure 121: Compost turner [130]

The shovels of the compost turner turn around at a high speed
oxygenating and homogenizing the organic matter mixture, not
crushing it though. This movement can hit the protected circuit and
hurl it away; because of this, material resistance is important. The
frequency of use of the compost turner depends on the material, the
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season of the year, the kind of facilities, the geographical zone, etc.
During the decomposition stage (lasts between 15 days and a month)
the turning frequency can vary from once per week to 6 times per
week. On the other hand, during the curing stage (lasts between 1
to 4 months) the turning frequency is gradually reduced, since there
is less degradable material.
In order for the circuit to be able to stand the action of the compost
turner, a protection against blows is needed. And on the other hand,
a protection is needed to stand the weight of the material and the
pressure of the concentration of material.
b.2

chemical protection

Conditions inside composting can be aggressive due to pH and
some gas release, mainly when processes are not properly controlled.
Depending on the material, physical structures can be decomposed
due to these conditions. On the other hand, some of these gases can
affect circuits inside the protection. Ammoniac (NH3 ) is the main
gas controlled at composting plants. It indicates that nitrogen gas is
being lost, instead of remaining on an organic way linked to carbon
structures. The main problem of this gas at closed installations is
that high concentrations may result toxic.
Another gas produced is CO2 , which answers to the breathing
related to the aerobic bacterial activity. Moreover, there are more
gasses that are produced in composting plants. When the process is
not properly controlled; microbes can derive to anaerobic processes,
where methane (CH4 ) is the main result of the anaerobic breathing.
Other toxic compounds such as hydrogen sulphide (SH2 ) can emerge
too.
Circuits may be affected by these gases, generated during the
composting process, unless a good protection is used.
b.3

thermal and humidity protection

Variation of temperature during biological transformation of organic
material is a consequence of microbial activity. During composting,
this degradation is developed aerobically and organic matter is
transformed into carbon dioxide and water and energy loss due to
chemical reactions. When complex organic molecules are broken in
simpler ones, energy is released from their bonds. Generally, it is
known that energetic value of carbohydrates and proteins is about 4
kcal/g, while lipids are about 9 kcal/g, but a wide range of values is
considered (Table 47). In case of municipal solid waste, composition
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is highly varied and heat generation is between 2.1 and 9.3 kcal/g,
which can evaporate between 3 and 15 g of water [131].
Molecule

Molecular weight

kcal/g

Glucose

180

3.74

Ac. lactic

90

3.62

Ac. palmitic

256

9.37

Tripalmitine

809

9.28

Glycine

75

2.18

Methane

16

11.34

n-decane

142

13.18

Table 47: Heat generation of different molecules [132]

During composting temperature (Fig. 122) can reach really high
values due to the microbial activity, but beyond certain temperature biological population can strongly decrease. A temperature
increment in the thermophilic range (around 45 °C and 65 °C) can
eliminate pathogens and avoid recolonization [133]. The ideal temperature range during this stage is 50 °C to 60 °C in order to maximize decomposition and cleaning of the material; when temperature
goes beyond 70 °C abiotic conditions can appear.

Figure 122: Composting temperature evolution [132]

Decomposition of organic matter needs a certain moisture level
to guarantee microbial activity; later on, it will decrease as the
process goes on (Fig. 123) due to the decrease of this microbial
activity in relation to the reduction of degradable organic matter.
The acceptable moisture content range goes from 50 % to 60 % [132].
Moisture going to too high values can cause anaerobic conditions

B.3 thermal and humidity protection

and excess of leachates and, consequently, the appearance of bad
odors.

Figure 123: Composting humidity evolution

After the active composting stage the curing phase follows. In this
stage the microbial activity slows down and as the process nears
completion, the material approaches environment air temperature.
Finished compost takes on many of the characteristics of humus, the
organic fraction of soil. The material will have its volume reduced
by 20 % to 60 %, its moisture content by 40 % and its weight by up
to 50 % from the initial material. It can be considered that, in an
adequate process, from every 100 kg of raw material at the start of
the process, around 25-35 kg of compost should be obtained.
The circuitry may operate at high temperatures during the composting process, but a minimal IP 67 protection is needed to protect
against the humidity level.
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THERMAL CONDUCTIVITY

As said in the first chapter the material of the composting process
is heterogeneous, and as such, the temperature incredibly varies
depending on the location. Therefore, when measuring temperature
from within a protective material in compost we may wonder what
the effect of these heterogeneous thermal focus is over the measure.
If we look into the thermal conductivity basic concepts, we see that
when two bodies with different temperatures are put into contact
the one with the higher one transmits heat to the other reducing its
temperature whilst the other increases its own, until they both reach
a thermal equilibrium. That would be our case when introducing the
circuit into a thermally homogeneous material. But we will surely
have two or more thermal focus around our system when measuring
inside compost. In that case we have that when putting the circuit
inside the compost, it will receive the heat from all the focus and
will increase its temperature until the lowest temperature of the
different focus (Fig. 124). Once the circuit has reach this temperature
it will behave as a thermal conductor between focus and the heat
will transmit through it from the higher temperature focus to the
lower ones. Thus, the circuit will end up having a distribution of
temperatures within it and not a fixed one.

Figure 124: (left) Circuit acquiring the temperature of the focus around it.
(right) circuit playing as a thermal conductor between focus.

The effect when measuring is that the measure of temperature
will depend on the location of the temperature sensor inside the
protection. The measure of temperature will be close to the value
of the closest focus, but it will not be exact since it will be affected
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by the heat transmission to or from the other focus. The sensor is
placed as near from the exterior as possible in order for it to be close
to the temperature value of the nearest focus.
The fact that the circuit cannot control all the focus around it
stresses the need of multiple temperature sensor systems measuring
at the same time inside the composting material.
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