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Resumo

A constante preocupagdo em aumentar a produtividade das plantagdes de uma forma sustentavel
e otimizando o uso dos insumos agricolas (4gua, fertilizantes, pesticidas e produtos para corre¢ao
do PH) levou ao desenvolvimento da agricultura de precisdo, que permite determinar a quantidade
correta de insumos para cada regidao do solo (tipicamente um hectare), evitando o desperdicio.

Sensores de umidade de solo de baixo custo e facil aplicacdo no campo s@o fundamentais para
permitir um controle preciso da atividade de irrigacdo, sendo que os sensores que melhor atendem
estes requisitos sdo os chamados sensores de dissipacao de calor ou sensores de transferéncia de calor.

Estes sensores, entretanto, apresentam um problema de baixa sensibilidade na faixa de umidade
mais importante para as plantas (umidade de solo ¢, variando entre 5% e 35%), pois, para cobrir
esta varia¢do de 30% em 6, com resolucdo de 1%, é necessario medir variacdes de temperatura de
aproximadamente 0,026 °C nos sensores de pulso de calor a duas pontas e 0,05 °C para os sensores
de pulso de calor de ponta simples.

Neste trabalho foi desenvolvido um novo sensor de umidade de solo do tipo pulso de calor de
ponta simples, baseado em um Unico elemento: um transistor bipolar de jun¢do npn, que € usado
tanto como aquecedor e como sensor de temperatura de alta precisao.

Resultados experimentais, obtidos em medidas realizadas através de uma técnica de interrogacao
especialmente desenvolvida para este novo sensor mostram que neste trabalho foi possivel obter uma
sensibilidade cerca de uma ordem de grandeza maior do que nos sensores de pulso de calor com uma
ponta e cerca de 20 vezes maior do que nos sensores de pulso de calor de duas pontas.

Outra vantagem da técnica desenvolvida é que o aumento da sensibilidade ndo € obtido as custas
do aumento da corrente drenada da bateria para aquecer o sensor. No sensor desenvolvido € utilizada
uma corrente de apenas 6 mA para gerar o aquecimento (com energia dissipada de 1,5 J), enquanto
que que os sensores de pulso de calor com ponta simples requerem cerca de 50 mA (com 2,4 J de
energia dissipada) para operar. Os sensores de pulso de calor de ponta dupla também sdo fabricados
com resistores que requerem cerca de 50 mA para o aquecimento (0.8 J de energia dissipada) para
operar corretamente.

Palavras-chave: Sensor de umidade de solo, instrumentagdo eletronica, sensor de dissipacdo
térmica, agricultura de precisao.



Abstract

The concern regarding sustainable development and crop inputs optimization (such as water, fer-
tilizers, pesticides and soil PH correction products) has led to the development of the precision agri-
culture concept, that allows to determine the exact amount of each input required on each ground
section (typically one hectare), avoiding waste of inputs.

Low-cost and easily handled soil moisture sensors are very important for allowing a precise ir-
rigation control. The class of sensors which fulfill those requirements are the heat transfer sensors,
where there are basically two types of devices: dual (or multi) probe heat pulse sensors and single
probe heat pulse sensors.

However, these sensors have a low sensitivity in the most important range of soil humidity 6, for
plants (usually from 5% < 6, < 35%). To cover this 30% soil humidity range with 1% resolution it
is necessary to measure temperature with a resolution of 0,026 °C in the dual/multi probe heat pulse
sensors and 0,05 °C in the single probe heat pulse sensor.

In this work it was developed a new type of single probe heat pulse sensor, comprised of a single
element: an npn junction bipolar transistor, that plays the role of both the heating element and a high
accuracy temperature sensor.

Experimental results, obtained through an interrogation technique especially developed for this
sensor, show a sensitivity about one order of magnitude greater than the typical sensitivity of the
single probe heat pulse sensors and 20 times greater than dual probe heat pulse sensors.

Another great advantage of the developed interrogation technique is that the increase in sensibility
is not obtained through a higher current being drained from the batteries that power the sensor. The
developed sensor operates at a much lower current level than the other sensors, draining only 6 mA
from the battery (with an energy of 150 mW). The single probe heat pulse sensor requires 50 mA and
1.5 J of energy to operate, whilst the dual probe heat pulse sensors are manufactured with resistors
which also drain 50 mA from the battery with 0.8 J of dissipated energy.

Keywords: Soil Moisture sensor, electronic instrumentation, heat dissipation sensor, precision
agriculture.
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Chapter 1

Introduction

HE classic study conducted by Nielsen et al [1] in 1973, which investigated the spatial variability
Tof soil-water properties for a 150 ha field at the University of California’s West Side Field Station
in the San Joaquin Valley, showed that a large variation of the soil physicochemical properties can be
found, and this spatial variability creates non-homogeneous results in the crop’s productivity.

The rudimentary concept of precision agriculture concept appeared in the beginning of the 1980s
in the United States, when the input of fertilizers in the crop fields were varied and the harvest results
were monitored, in order to find the optimal amount of fertilizer which had to be applied to each
region of the soil [2]. This introduced the concept of variable rate technology for the application of
inputs. On the other hand, the effective variable rate application of inputs required the use of a grid to
divide the crop regions, and at the same time the concept of grid sampling (one sample per hectare)
appeared.

The characterization of soil spatial variability is fundamental to create the recommendation for
site-specific crop management, and this site-specific crop management (both in what concerns irriga-
tion, fertilization and pesticide application) is known as precision agriculture. Because large varia-
tions of landscape and soil properties can be found in small areas of land, sometimes grids as small
as 20 m x 20 m are necessary to determine the correct inputs for a crop [3].

Efficient management of irrigation systems requires the implementation of precision agriculture
techniques. In precision agriculture, the grid sampling of the crop fields produces accurate data for
controlling and optimizing the amount of inputs (water, fertilizers, pesticides, PH correction products)
to be used in each grid region, reducing both the production costs and the environmental impacts. This
practice leads to a high yield sustainable production practice that can assure a long term food supply
under the optimal ecological, economic and social conditions.

In order to implement the precision agriculture techniques for irrigation management, the use of
reliable and accurate soil moisture sensors is mandatory. Today, a large number of sensors, based on
heat transfer [4], electromagnetic [5], tensiometric [6], nuclear [7], capacitance [8] and resistance [9]
techniques are available for measuring soil moisture. Although many of the sensors fabricated using
those techniques present good accuracy, most of them are suited only for laboratory use, since they
are very expensive and/or are not practical to be used in real applications in crop fields.

The sensors which are the most adequate for use in crop fields are those based on the heat transfer
principle. The reason for this success is that heat transfer sensors are usually small, low-cost, and can
be easily applied in the fields. However, all of the techniques available present low sensitivity, and



high resolution measurements can only be obtained if sophisticated interrogators are used. Besides
this problem, in the humidity range where the plants require a very precise control of irrigation, the
sensitivities of the available sensors are very poor.

This low sensitivity jeopardizes the efficiency of the precision agriculture techniques. For exam-
ple, if the sensors indicate that the amount of moisture in the soil is near the lower limit (the water
content in the soil seems to be enough to leave the plants one extra day without irrigation), since this
information is known to be not very accurate, the farmer will not take any risk and will irrigate his
crop. In a large plantation this can result in a enormous waste of water, especially if a substantial rain
falls on the next day.

The purpose of this research is to present a new heat transfer soil moisture sensor and also develop
a precision electronic interrogator for this new soil moisture sensor. The sensor is based on a single
very low-cost npn bipolar transistor. Experimental results of the application of the new sensor in
laboratory soil moisture measurements with the interrogation equipment developed will be presented,
showing that both the developed sensor and the electronic interrogation technique used can provide
accurate and much better sensitivity than today’s available soil moisture sensors.



Chapter 2

Heat Pulse Soil Moisture Sensors

2.1 Principle of operation

HE principle of operation of the heat pulse soil moisture sensors is based on the variation of the
Tthermal conductivity of a porous material. The porous material can be a porous block (e.g., made
of gypsum or ceramic) or the soil itself. The porous material’s thermal conductivity is changed by
the amount of water absorbed into its pores and, therefore, its heat transfer properties change with the
amount of water. By applying a controlled amount of heat in the center of the sensor and measuring
its temperature (which depends on the thermal conductivity of the surrounding material) it is possible
to relate the measured temperature with the amount of water absorbed in the soil.

There are three types of heat pulse soil moisture sensors: the dual probe heat pulse (DPHP), the
multiprobe heat pulse sensor (MPHP), and the single probe heat pulse (SPHP). Each type presents
its advantages and disadvantages, and a detailed explanation of the three types of sensors will be
presented in next sections.

2.2 Dual probe heat pulse sensor

The dual probe heat pulse sensors are comprised of two probes, mounted at a fixed distance
(usually 6 mm), with one heating element in one probe and one temperature sensing element in
the other probe. The heating element is always a NiCr wire wound resistor and the temperature
sensing element can be a thermocouple, a thermistor or an integrated circuit designed for temperature
measurement. Figure 2.1 shows the basic schematic of a dual probe sensor.

To make a soil moisture measurement with these sensors, first a heat pulse is applied to the heating
element during a fixed period of time ¢,,. The energy of the heat pulse depends on the controlled
current [ that is forced in the NiCr resistor 7y, so that the energy dissipated in the heating element
is given by:

Wi = (Rolo?) - tm (2.1)

The heat pulse travels through the soil, and the maximum temperature reached in the sensing
element is measured. The higher the water content in the soil the better it dissipates the heat and,
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Heater probe

| e L
I ' —— " ——— 1 Heater wires
r reev—
__________ C — e f v :}—Temperature
Temperature —/ T & | measurement
probe wires
Thermistor / Thermocouple \ Cylindrical
or temperature measurement IC Epoxy Body

Fig. 2.1: Basic schematic of a heat pulse dual probe sensor.

therefore, the temperature peak sensed by the second probe decreases as the water content in the soil
increases.

Consequently, after a calibration procedure, the amount of water in the soil can be determined
by measuring the maximum temperature reached on the second probe (the sensing element). The
relationship that describes the temperature increase AT, in a sensing element located at a distance r
of a heating element, as a function of the heat energy ¢ and the water content 6, in the soil, developed
by [10], is presented in Eq. 2.2.

q
enr?(1.92X,, + 2.5X, + 4.186,)

where ¢ is the quantity of heat liberated per unit length of heater (in J - m™!), e is the base of the
natural logarithm, X,,,, X, are, respectively, the volumetric fractions of mineral and organic contents
of the soil [11], and 6, is the volumetric fraction of water in the soil. In soils with low organic content
the term X, is neglected [12]. The coefficients 1.92, 2.5 and 4.18 are given in MJ - m~!.°C ~L,

The volumetric fraction of the water in the soil #,, given in m? - m~3, is defined by the ratio
between the volume of water and the volume of dry soil in the region under measurement, and is
usually expressed in percentages. For example, if 100 ml of dry soil is hydrated with 30 ml of water,
it is said that the resulting soil has a volumetric humidity of 30%.

It is important to notice that Eq. 2.2 was determined using not only heat transfer theory, but
through exhaustive experimental measurement and data fitting [10, 13], and can be used in any type
of soil. To study the behaviour of a dual probe heat pulse sensor, an hypothetical sensor Sy with the
following typical parameters will be used: ¢ = 600J - m~!, X, = 0, X, = 0,54, r = 6 mm.

A plot of Eq. 2.2 for sensor S is presented in Fig. 2.2, where it can be seen that the maximum
temperature AT, decreases as 6, increases. The value of the full scale variation of AT, is small:
AT, =~ 1.5°C for 0% < 6, < 100%. When the soil moisture varies in a typical agricultural range
of 5% (AT,, = 1.6°C) to 35% (AT, ~ 0.8°C), the variation in 6, is approximately 0.8°C. Conse-
quently, this type of sensor is very difficult to be read accurately, since to detect a change of 1% in soil
moisture in the agricultural range it is necessary to measure A7, with a resolution of approximately
0.026°C.

Due to the trade-offs involving sensitivity, power dissipation and mechanical properties, overcom-
ing the sensitivity limitations of dual probe heat pulse sensor is not an easy task. These compromises
become evident when the sensor’s sensitivity is analyzed. To calculate the sensitivity ¢ of this sensor,
one must take the partial derivative of AT, with respect to #,,, which is given by:

AT, = (2.2)



2.2 Dual probe heat pulse sensor 5

20 T T T T T T T T T

1.8

1.6

1.4

1.2

ATm [°C]

1.0

0.8

0.6 -

' Agficulturai rhoisture range ! '

[ »'
<

L]

0.4 |

0.2 P i I i i ‘
0 0.2 0.4 0.6 0.8 1.0

Ov [m3 . m-3]

Fig. 2.2: Curve of AT,, as a function of 8, for the Sy dual probe heat pulse sensor.

0AT,, —4.18¢
=50~ 5 3 (2.3)
v enr?(1.92X,, + 2.5X, + 4.186,)

Examining Eq. 2.3 one concludes that to increase the sensitivity ¢ it is necessary to: (a) increase
the energy dissipated g; or (b) decrease the distance r between the probes.

As can be easily noted in Eq. 2.3, the sensitivity increases linearly with the energy of the heat
pulse. However, since the interrogators must be battery operated to be employed in the field, increas-
ing significantly the energy is obviously not a feasible option.

Reducing the distance between probes seems to be a more interesting solution, because the sensi-
tivity  is proportional to 1/r2. A plot of the sensitivity of sensor Sy for 7 = 6 mm, r = 5 mm, r = 4
mm and 7 = 3 mm, presented in Fig. 2.3, shows that, when the value of r is reduced from 6 mm to 3
mm, an increase of more than 4 times is obtained in the the full scale variation of AT}, (from ~ 1.5°C
to ~ 7.0°C.

On the other hand, due to mechanical problems that a sensor with a short distance between probes
can present (in the construction of the probe or during its application in the field), it is necessary to
investigate the sensitivity of AT, to variations in 7.

Taking the partial derivative of AT, with respect to r, one obtains:
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Fig. 2.3: Variation of AT,, as a function of the distance between the probes r.

= O0AT, —q
o or 2emr3(1.92X,, + 2.5X, + 4.180,,)2

Observing Eq. 2.4 one concludes that, as expected, the sensitivity of AT,, with respect to the
variations in the distance between the probes r increases rapidly as r decreases, due to the r3 term in
the denominator. Unfortunately, this characteristic imposes a severe limitation on the minimum value
of r that the designer can use to fabricate a sensor. The problem is that undesired variations of r, due
to a fabrication inaccuracy or caused by small deflections in the probes (a common problem when the
sensors are inserted into the soil), will cause a variation in the sensitivity of the sensor.

For the sensor Sy, the measured value of AT,, as a function of 8, for small deviations of Ar for
nominal values of r were calculated and the results are plotted in Fig. 2.4. Thus, although it has been
shown in Fig. 2.3 that reducing the distance between the probes to 7 = 3 mm the full scale increased
to ~ 7.0°C, a deflection of only 300 xm in the probes results in an AT, error of approximately 2.0°C
for 0, = 5%, or circa of 28.5 % of the sensor’s full scale.

(2.4)
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Fig. 2.4: Error in the measurement of AT,, as a function of small variations of the distance between

the probes Ar for different values of 7.

2.3 Multi probe heat pulse probe sensor

To overcome this severe limitation of the DPHP sensors, some authors have proposed the fab-
rication of multi-probe sensors [14—16], with one central heating element and 4 (or more) sensing
elements evenly distributed around the heating element, as shown in Fig. 2.5. By making an average
of the readings of the 4 elements, the errors due to bending/deflection of the probes during application
in the soil or even during construction can be somewhat minimized. However, the cost of the sensor
increases dramatically, since the most expensive component in the sensor is the temperature sensing
element (thermocouple or thermistor). Besides this cost limitation, the sensor’s calibration procedure
is very time-consuming because all temperature sensing elements must be calibrated individually.
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Fig. 2.5: Multiprobe heat pulse soil moisture sensor.

2.4 Single probe heat pulse soil moisture sensors

The third type of heat pulse soil moisture sensor is the single probe heat pulse (SPHP). It operates
on similar principles of the dual and multi probe sensors, however, the heating and sensing element
are encapsulated in the same probe. The heating and sensing elements are mounted together, as close
as possible, and instead of measuring the maximum temperature reached at a fixed distance from the
heater, a long heat pulse is applied (typically 20 — 30 s) and the temperature of the heating element is
measured just before the heat source is turned-off.

There are basically two techniques for the manufacturing single probe heat pulse sensors. In one
of the fabrication techniques both the heating and sensing element are encapsulated inside a very high
thermal conductive material, for example a stainless steel needle. Both the sensor and the heating
element must be placed as close as possible. To achieve a good path with low thermal resistivity
between the two elements, the needle is filled with a thermal conductive epoxy and the the needle is
encapsulated inside a porous block, like gypsum or ceramic. A schematic drawing of a ceramic single
probe heat pulse sensor is presented in Fig. 2.6.

In the other technique, which is being used to evaluate soil moisture in space flight applications,
the heating and sensing elements are encapsulated, also very close one to the other, inside a very small
and thin thermal conductive resin epoxy coating. There is no ceramic involving the epoxy case, so the
porous material is the soil itself. These very small and lightweight sensors (7.6 mm x 2.5 mm), called
TMAS, are being developed and evaluated to be used in the automated grow of plants in microgravity
environment, in future long-term self-sustainable space missions. A photograph of the TMAS sensors
produced by Orbital Technologies Inc. [17], [18] is presented in Fig. 2.7.

The SPHP sensor usually presents a higher sensitivity when compared to the dual probe design, as
we can see in Fig. 2.8, where a curve from a sensor manufactured by Campbell [4] is presented, and
a full scale of approximately 2.3°C in the range of 0% < 6, < 100% is observed. For the agricultural
range of 5 — 35%, a variation of ~ 1.5°C is obtained, showing that it is necessary to measure the
temperature with a resolution of 0.05 °C if it is desired to detect a 1% variation in 6,.

This is almost twice the 0.8°C variation found in the agricultural range of a dual probe heat pulse
sensor, but it is obtained by using a higher energy to heat the probe. This happens because although
the power dissipated in the heating element is about the same used in the DPHP sensors (85 mW),
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Fig. 2.7: TMAS soil moisture sensors.

the time required to make a measurement is longer (usually 30 s), whilst for the dual probe sensor it
is approximately 8-10 s. The energy dissipated in the SPHP sensors is about 2.5 J.

Analogous to the DPHP sensor, variations in the distance between the heating element and the
sensing element result in different behavior of the fabricated sensors. However, this sensitivity to the
variation in the distance between the probes is smaller because the material which encapsulates the
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Fig. 2.8: Example of heat dissipation sensor responses.

heating and the sensing probes is an epoxy with a low thermal resistance. Although it is expected that
the dispersion in the sensitivity is smaller than in the DPHP sensor, it is worth to evaluate the thermal
behavior of this type of sensor in order to investigate the errors induced by these variations.

To calculate the temperature distribution in the epoxy, the conventional equivalent electric model
of a one-dimensional heat conduction system (shown in Fig. 2.9) will be used, where a slab of material
is heated on the left end by a heat source and the right end is embedded in an environment assumed
to be at a constant temperature 7'4.

In this model the equivalent of the heat transfer rate Q is the current, the equivalent of the tem-
perature difference T; — T;. is the voltage drop V; — V;,; and the thermal resistance of the material
Rpp; 1s defined from the expression:

0= Tz}; Tip
THi

The thermal resistance of each portion of the material is a function of the thermal conductivity )\;,
the length L; and the the area A, and is written as:

(2.5)

L;
AN A

The capacitors C;, given in J - m~3 -° C~1, are equivalent to the thermal capacity of the materials.
It is worth to notice that the capacitors are used only in transient analysis. The temperature analysis
in steady-state conditions is equivalent to a DC analysis of the circuit, and the capacitors are ignored.

To calculate the importance of the relative position of the heating and sensing elements, it is
necessary to study the heat transfer inside the epoxy wall, and thus only one thermal resistance Rry
(which value depends on the distance between the probes L) will be considered. The model is shown
in Fig. 2.10.

Ry = (2.6)
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Ham et al [19] showed that an adequate material to manufacture a heat pulse sensor is the urethane
epoxy CR600, because it presents good electrical insulation and a good thermal conductivity (Argy =
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0.2W - m~1.°C™1). Thus, for this epoxy, considering a section with area A, the thermal resistance
Rrp can be written as:

L 5L m°C
Rryp=—o = . 2.7
A 02 T AW &7
Thus, with the heat flux defined by ¢ = @ /A it is possible to write:
. =T
_ 2.8
A-5L 2:8)

Using a heat pulse of 80 mW (¢ = 80 mA), it is possible to calculate the temperature difference
between the heating and sensing elements caused by the losses in the epoxy as:

Ty — Ty = 80mW - 5(L) = 0.4 L (2.9)

A plot of temperature inside the epoxy (from 7} to 7%) as a function of L is presented in Fig. 2.11.
The maximum value considered for L was 1 mm because the hypodermic needle that is used to encase
the sensing/heating elements has an internal diameter of 1.1 mm. Thus, it is reasonable to estimate
that the maximum manufacturing error Ar is less than 0.3 mm. With Ar = 4+0.3 mm, a dispersion
error of approximately £120 p°C shall be present in the fabricated sensors, which represents an error
of only 0.008% in the full agricultural range of 1.5°C, and can be neglected.
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Fig. 2.11: Steady-state temperature profile inside the epoxy for a heat pulse of 80 mW.

This result indicates that SPHP sensors presents a higher sensitivity with respect to the soil mois-
ture variation and are less dependent on the manufacturing process. However, for achieving low cost
it is necessary to use thermistors as the temperature sensing elements, and a calibration procedure
for the thermistor is mandatory. When the SPHP sensors are manufactured with a thermocouple, the
calibration may be skipped but the cost of the sensor increases typically one order of magnitude.

In next Chapters a novel type of single probe heat pulse sensor, with only one device (that works
as both heating and temperature sensing elements) will be proposed, designed and evaluated [20]. A
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novel interrogation technique will also be developed and the electronics circuits that implement the
interrogation technique will be designed, fabricated and tested.



Chapter 3

A Novel Single Probe Heat Pulse Soil
Moisture Sensor

3.1 Semiconductors in Single Probe Heat Pulse Sensors

LTHOUGH, as shown in Chapter 2, SPHP sensors still require individual calibration after assem-

bly, they present a sensitivity which is typically twice higher than the DPHP sensors, and it is
worth to investigate novel techniques aiming at the improvement of this type of sensors regarding its
sensitivity and fabrication process. If the sensors are intended to be used in space flight applications,
weight and size are also a very important concern.

The first idea of using a semiconductor pn junction as the temperature sensing element in soil
moistures sensors was presented by Phene et al. in 1971 [21] where a NiCr wire wrapped around a
diode was encased in a porous block. Many modern techniques use semiconductors ICs to measure
temperature [14, 22], and those sensors use two separate elements: the silicon-based temperature
measuring device and a NiCr resistor as the heating device.

In this work a completely novel approach was used to employ a npn transistor in a SPHP soil
moisture sensor. A pn junction (the base-to-emitter junction of a bipolar transistor) will be used to
measure the temperature and, instead of using another element to heat the semiconductor, the other
junction of the transistor (base-to-collector) will be externally controlled to heat the whole device.

The power dissipated (Pp) in a bipolar transistor is given by the very well-know equation:

Pp=1cVer + IiVsE 3.1

where the second term (/5 V3g) can usually be neglected, since Ig << I¢.

Thus, to increase the dissipated power in a transistor, it is very interesting to simultaneously
increase the collector current /- and the collector-to-emitter voltage Vo g. This is especially important
if it is desired to obtain a high power with a low current. Hence, for the same current applied, if the
Ve 1s increased by a factor of 20 (e.g., from 1 V to 20 V), the power dissipated in the transistor
would be increased by a factor of 20.

All available DPHP and SPHP sensors use currents in the order of 50 mA to dissipate a power of
80 mW. To illustrate the importance of this technique for using small currents for the power dissipa-
tion, in a transistor with Vo = 30V, it will be necessary only 2.67 mA to dissipate the same 80 mW

14



3.2 Principle of operation of the single transistor SPHP sensor 15

power. Reducing the current makes the sensor more adequate to be used with portable interrogation
devices, which are always powered by batteries.

Furthermore, the discrete bipolar transistor is probably the most well known semiconductor de-
vice. Its fabrication process has been well dominated for decades, both electrical and thermal param-
eters are very well modeled, it is small, lightweight and has a very low cost (about US$ 0.03). The
metal can body of a 2N2222 transistor measures 4.9 mm x 5.3 mm (about the same dimensions of the
TMAS) and weights less than 1 g. Consequently, if a SPHP sensor can be implemented using a single
off-the-shelf standard transistor, it is a strong candidate to be used not only in field crop monitoring
but also in space flight applications.

3.2 Principle of operation of the single transistor SPHP sensor

The complete sensor consists solely of a transistor. Before the heat pulse, the transistor is biased
at a low current and low voltage level (I¢;, Veopi). A heat pulse is then applied to the transistor, by
simultaneously increasing the collector current to /¢, and the collector-to-base voltage to Viop,.
After a heat pulse with duration ¢ — ¢;, both the current and voltage return to their initial values /¢;
and Ve g;. The value of Vg is measured before and after the heat pulse, and the difference AVgg is
used to calculate the temperature variation in the transistor. The diagram of the measurement points
and pulse heat application technique is presented in Fig. 3.1

Ic 1o

ci >

Fig. 3.1: Basic schematic of the V3 measuring points and the pulse heating application.

As mentioned in Chapter 2, the soil’s thermal conductivity changes with the volumetric content
of water. Since, for a given dissipation power, the temperature increase in a transistor package de-
pends on the thermal conduction process between the package and the heatsink material, inserting the
transistor directly into the soil shall result in a system that has a response similar to the conventional
two-elements SPHP soil moisture sensors.

To verify the feasibility of this new technique, the thermal-electric behavior of a transistor was
simulated in LTSPICE [23]. The temperature increase in the transistor was simulated using the ther-
mal model presented in [24], where it is shown that for ¢ > 100us a one time constant model is
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adequate to represent the thermal characteristics of a transistor/heatsink system. The model used is
presented in Fig. 3.2.

IO QD RTH — CTH
102 Q 96 mF

I, [Amperes] is numerically equal to P

Fig. 3.2: Basic thermal model of the 2N2222 transistor.

The first simulation was ran to verify the expected temperature increase in the transistor in the air.
The values of the thermal resistance and thermal capacitance were adjusted to fit the experimental
data measured on a 2N2222 transistor. The LTSPICE simulation was performed with I, set as a pulse
with duration of 10 s and amplitude of 150 mA (for /o = 6 mA and Vg = 25 V and neglecting the
power dissipation caused by the base current, one has Pp ~ 150 mW).

The comparison of the simulated results with the measured data is presented in Fig. 3.3.
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Fig. 3.3: Comparison of measured results with the thermal simulation of a SPHP sensor made with
2N2222 transistor in air.

As it can be seen, the simulated results using Rry = 102Q2 and Cry = 96 mF are in good
agreement with the measured thermal characteristics of the transistor.
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Since the electrical model is very simple and the solution of the voltage V; (%) in the circuit of
Fig. 3.2 is:

Vi(T) = (loRrm) [1 —exp (—ﬁ)] (3.2)

it is expected that the thermal behavior of the sensors can be easily predicted by using this simple
electrical model.

The same circuit was simulated with a heatsink material which has a lower thermal resistance
Rrpo = Rry/2 = 518 and a higher thermal capacitance Crpyy = 2Cry = 192mF, to verify the
change in temperature variation when a material with a different thermal characteristics is in contact
with the transistor’s case. The result of both simulations is presented in Fig. 3.4.

10 T v T v T v T v T

—— Ry = 102 Q, Cppy = 96 mF

—— Ry =51 Q, Cryy = 192 mF AT = 4.8 9C ]

AT [°C]
[6)]
]

. . . ] . .
0 2 4 6 8 10
Time [s]

Fig. 3.4: Simulation result for the thermal simulation of a SPHP sensor made with a 2N2222 transis-
tor, for different heatsink materials.

As it can be seen from the simulations, at the end of the heat pulse it is observed thata AT = 4.8°C
is found between the two cases. Since, for 6, varying in the range of 5% to 35% both the conductivity
and thermal capacity of the soil presents a variation similar to those used in this simulation [25], it is
expected that similar values of AT’ will be found in sensors fabricated using this new technique.

3.3 Calculating the temperature of a transistor using Vzp(7T)

The accurate knowledge of the variation of Vg as a function of the temperature is the basis for
the design of all bipolar voltage references and temperature sensors. For a transistor with a collector
current given by I = AT™ where A is a constant (e.g., if m = 0 the collector current is independent
of the temperature), the expression that describes Vi as a function of the temperature is [26]:
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it - ()] fomfn(5)] s

where V( is the silicon bandgap voltage extrapolated to 0 K (= 1170 mV), k is the Boltzmann con-
stant, g is the charge of the electron, 7 is a parameter dependent of the fabrication process (typically
n =~ 3.5), T, is the reference temperature and Vpg(7,) is the transistor’s base-to-emitter voltage at
temperature 7,.. The first terms of Eq. 3.3 is a CTAT voltage (Complementary To Absolute Tempera-
ture) that has a slope given by:

Ay Voo = Vee(Ly) \ 1] _ =Voo + Vie(Ty)
ar | “° T,

which for typical values of Vpp = 570 mV measured at 300 K gives the well known result of —2
mV/°C.

The second term of the Vzg(T') expression, which presents a non-linear dependence with tem-
perature, is very small when compared to Vg, as shown in Fig. 3.5, where the MatLab plot of the
difference between the values of Vzg calculated with and without the non-linear second term of of
(Eq. 3.3) is presented. As it can be noticed in Fig. 3.5, the maximum value of this non-linearity error
is £1.25uV for a variation of temperature of 5 K around the room temperature 296 K. This is an
error of 2 ppm when compared to Vpr normal values, and will be neglected.

(3.4)

1.5

Non-linearity [uV]

_15 L L L L L L L L L

291 292 293 294 295 296 297 298 299 300 301
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Fig. 3.5: Non-linearity of Vzg(T') as a function the temperature.
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Hence, if the Vg of a transistor is measured at a given current /¢, at a known temperature 7.,
the thermal coefficient dVppg/dT is calculated using Eq. 3.4, and then it is possible to obtain the
temperature of the transistor simply by measuring the value of its Vpg.

This feature of the sensor is very important because a very simple calibration procedure can be
employed in its fabrication. The sensors must be tested after fabrication to check if they are operating
correctly and, in this proposed sensor, testing the sensor would be simply testing the transistor. If this
test is performed in an environment with controlled temperature (or if the temperature of the room is
measured), all that has to be done to calibrate the sensor is to measure the value of Vgg.

It is important to calculate the maximum error if no calibration procedure is done in the sensor.
Since the variation in V3 in the fabrication process of transistors is basically caused by variation of
the base charge Qg [27], this is the parameter which will be studied. For this calculation it will be
assumed that a bipolar transistor can present a variation of 100% in () g due to process fabrication (this
is an worst case conservative figure used by the manufacturers in the beginning of the 80s). Thus, two
transistors (J1,Q); with such a large difference in the base charge will have saturation currents given
by Iso = 21g1. When these transistors are biased with the same collector current /oy = I¢9, One can
write:

VBE1
Icy = Is1e V7 (3.5)
and
VBE2
Ioo = Isoe V7 (3.6)

Dividing Eq. 3.5 by Eq. 3.6 and remembering that /1 = I9 and Ig; = 2149, it comes that:

kT
Vel — VBE2 = 7ln(2) (3.7)

which is equal to ~ 17.5mV at 300 K.

This result shows that the maximum variation of Vgg in all transistors from a manufacturer that
controls the fabrication process to restrict the maximum variation of 100% in ()p, the maximum
variation found in Vg for a given collector current will be AVggr =~ 17.5 mV at room temperature.
Using Eq. 3.4 to calculate the dispersion in dVpg/dT caused by a 17.5 mV maximum error in Vg,
one concludes that the maximum deviation in dVgg/dT will be +1.35%.

Hence, if errors in the order of 1.5% are tolerated by the application, uncalibrated sensors can be
used. Itis worth to notice that in modern microelectronics fabrication process, where critical steps like
base doping are realized using ion implantation, () g presents a much smaller spread. For example, a
substrate bipolar transistor fabricated in the TSMC CMOS 0.35um process present a maximum Vgp
spreading of AV,,,;, = —0.45 mV and AV}, = 0.40 mV [28]. For these transistors, the dispersion in
dVpg/dT would be reduced to dVgg/dT (min) = —1.9987 mV/°C and dVpg/dT (maz) = 2.0015
mV/°C, which represents an error of ~ £0.075%. If transistors with these tight controlled process
parameters are used to fabricate the sensor, no calibration would be required.



3.4 A simple thermo-electric model of the complete sensor 20

3.4 A simple thermo-electric model of the complete sensor

In order to verify how the proposed SPHP will respond to the thermal and electrical stimulus, a
simple thermo-electrical model for simulation of the sensors was developed. For the simulation of
the electrical model, the transistor was driven by one pulsed current source and one pulsed voltage
source, creating the same pulse of 150 mW (/o = 6 mA and Vg = 25 V) with duration of 10 s.
To emulate the effect of the temperature in the Vzp of the transistor, the thermal model presented in
Fig. 3.2 was added to the electrical schematic, as shown in Fig. 3.6.

T,

Vv,

IC ~ IO \ ¢

I __CTH: 96 mF
+ q¢y) R,=102Q T
T -
’\ - I, is expressed in Amperes and is
v numerically equal to[ *V
BE(Q1)
VBE(Ql)yqr= - VBE(Q1) - 0.002 * V1
_VEE

Fig. 3.6: Complete thermo-electrical model of the sensor.

The plotted values of Vg, sy are calculated by subtracting the variation AV /AT (assumed to
be —2 mV/°C) from the constant temperature electrical simulation results of Vzg(Q1). Therefore,
the expression to calculate the plotted results of Vg, is:

Viegerr(Q1l) = Vpp(Q1) —0.002 - Ty (3.8)

where 77 is numerically equal to V; in Fig. 3.6.

The result from the simulation of the thermal-electric model is presented in Fig. 3.7, and it indi-
cates that the proposed sensor shall work correctly, and that the measurement of the temperature can
be easily performed, since values of AVgzg in the order of 9 mV must be obtained in the device for
the agricultural range of 6,,.
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Fig. 3.7: Simulated results of Vg (t) for the same heat pulse applied, when two distinct heatsink
materials are in contact with the sensor.



Chapter 4

Electronic Interrogation System

4.1 Principle of operation

HE interrogator of the sensor has to be an equipment that applies the heat pulse, measures the

Vi g of the transistor (using an A/D converter), stores the data and finally transmits the measured
data to a computer which will process the data and generate instructions for the irrigation system.

A block diagram of the complete interrogation system is shown in Fig. 4.1. Several power supplies
voltages are necessary: a high power supply voltage to the circuits that create the voltage waveform
of the heat pulse, a digital power supply for the microcontroller, an analog power supply for the
microcontroller A/D converter and a split power supply to handle the analog circuits which will
generate the current waveform of the heat pulse.

A microcontroller with an internal A/D converter is necessary to perform both digital control of
the heat pulse and data transmission (via USB) to the computer, but also to make the A/D conversion
of the Vg values.

The transistor is driven by a current source connected to its emitter, so that the collector current
I. = aplp (Where af is the common base current gain) will be practically independent of the Early
effect, and will also not depend strongly on the characteristics of the transistors, since a 100% varia-
tion in S from 400 to 200 causes a variation of only 0.25 % in az. Hence, if the current source /g
is well controlled, the power dissipated by the sensor will be well controlled and independent of the
transistor’s parameters.

Connecting the base of the transistor to ground is a very interesting choice because the voltages
that need to be measure (V) or applied (V¢ p) in the circuit will be referenced to ground.

22
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Fig. 4.1: Block diagram of the electronic interrogator

4.2 Voltage pulse circuit

To eliminate the risks of electrical shock and to allow the use of low-cost transistors, the voltage
pulse that will be applied to create the heat pulse was chosen to be Vo = 25 V. Since the interrogator
has to be operated on batteries, it is necessary to use a dc-dc converter to generate this voltage. Since
the heat pulse current will also be supplied by this circuit, it is important to choose rechargeable
batteries which can last for many reading operations, to avoid interruption in the process of collecting
data in the field.

From the simulations performed in Chapter 3, it was observed that a 150 mW heat pulse would
be adequate to operate the sensor. If the voltage V-5 is equal to 25 V, the transistor current pulse will
have to be 6 mA to reach the desired 150 mW power dissipation. Based on these data, the general
conditions for the design of the dc-dc converter and the battery specifications are established. An
operator working for 8 hours can read about 240 sensors, if it is assumed that the reading timing plus
the dislocation time between sensors installed at a distance of 100 m is 2 minutes. Introducing a
safety margin of 60 extra readings, it is desired that the interrogator can be able to read at least 300
sensors on a single battery charge, what leads to a minimum capacity of 5.0 mA.h for the battery.

This can be easily accomplished with very low-cost AAA Nickel-Metal-Hydride type batteries,
since these cells have a nominal output voltage of 1.26 V per cell and 800 mA.h capacity, so the
interrogator can operate a few months on a single battery charge. The other interrogator’s circuits are
low-power and will run at a much lower current level, so low-cost standard rechargeable Ni-Cd 9 V
batteries cells will be used.
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4.2.1 DC-DC converter

The first step in the interrogator project is, therefore, to design a dc-dc converter which will
generate a power supply voltage adequate for the voltage pulse generator. A high-efficiency dc-dc
converter that can operate with high voltages is the LTC1144 [29], which can operate with input
voltages up to 18 V, presents a 93% efficiency, requires only 1.1 mA in active mode and has a power
shutdown mode where the bias current is only Sp/A.

The simplified internal diagram of the LTC1144 along with external components Dy,D,, C4,Cp
is presented in Fig. 4.2. The operation of this converter can be explained as follows:

The LTC1144 is a CMOS switched-capacitor voltage converter, with four internal switches. It
has an internal oscillator that controls the switches with two clock phases, ¢ and ¢. When the circuit
is on the ¢ phase (SW1 closed and SW2 open) for the first time, C'4 is not charged, since both the
negative terminal of C'4 and the anode of D1 are connected to V' ; Cp is charged through D;,D to
a voltage equal to Vo, =Vt — Vp, — Vp,.

In clock phase ¢ (SW2 closed and SW1 open), the negative pole of C, is connected to ground,
and the capacitor C'y charges through D1, to a voltage V-, = V' — Vp,. The output capacitor C'p
maintains its voltage Vo, = V7 — Vp, — Vp,.

When the circuit returns to clock phase ¢, the negative terminal of C'A is once again connected
to V*, however D1 does not allow the capacitor C'A to discharge, so it keeps its voltage of Vi, =
V+ — Vp,. With the negative terminal of C'4 at V', the output capacitor C'z charges through Ds to a
voltage Vo, =Vt + (VT —Vp,) — Vp, = 2Vt — Vp, — Vp,. Hence, the output voltage of the dc-dc
converter, present in capacitor C'g, will be equal to Vog = Vi,p = 2V — V. Dy — V Ds.

To reduce the voltage drop Vp,, Vp,, the Fairchild MBR735 Schottky diodes [30] (which have a
forward voltage drop less than 380 mV at 1A) were used for D, and D,. A pack with 14 series AAA
Nickel-Metal-Hydride batteries was used, so V™ = 17.64V and V,,; ~ 345V (V' = 2. (17.64 —
0.38) V).

When the full agricultural range is considered, the simulations results presented in Chapter 2
shows that variations of AVgzg less than 5 mV are expected. Therefore, it is necessary to measure
steps of 504V to detect AVgg variations with 1% resolution. To perform this measurement, the
circuits must be low-noise circuits and a switching power supply like the dc-dc converter is certainly
a source of noise. Since the current pulse lasts only 10 s, a simple solution was employed: the
capacitor C'B was made large enough to allow for the shutting down of the dc-dc converter during
the period of measurement.
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Fig. 4.2: Simplified internal block diagram of the LTC1144 switched-capacitor dc-dc converter

4.2.2 Voltage pulse generator circuit

The output voltage of the dc-dc converter depends on the battery voltage (V) and the voltage
drops in the diodes Vp,, Vp,. So it cannot be used directly in the waveform generator of the voltage
pulse, which requires a constant value (Vop = 25 V). A voltage regulator combined with an op-amp
and an analog switch were used to implement these functions, as shown in Fig. 4.3.

The voltage regulator LTC 3008 [31] has all features necessary to implement the voltage pulse
generator: it operates with an ultra-low quiescent current (3 ©A), accepts input voltages up to 45
V, has a low dropout (typically 270 mV @ 10 mA output current), and most importantly, it has a
adjusting pin with a temperature stabilized voltage Vzrr = 600 mV.

The output voltage of the regulator is given by:

Vieg = 600mV (1 + &> 4.1)
R

The Vg voltage (which is set at 0 V or 25 V) is delivered by the LT 1490, a low offset (Vs =500
(V) rail-to-rail micropower op-amp. The gain of the op-amp circuit, given by G = (1 + R3/Ry) is
calculated to deliver 25 V when the 600 mV from the LTC3008’s adjusting pin is present in its input.
The required gain is G = 41.667, that is obtained using R3 = 453k() and R, = 11.1k(2, both low
thermal coefficient 1% metal film resistors.

The waveform pulse is generated by switching (with S7) the non-inverting input of the op-amp
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Fig. 4.3: Simplified schematic of the voltage pulse circuit

between 600 mV and 0 V. The power supply of the op-amp is the output voltage of the regulator, set
at approximately 26.1 V, with R;, R, calculated by Eq. 4.1. Since the input current in pin Adj is very
low (400 pA), high value resistors can be used for ?;, R, in order to minimize the current drained by
this voltage divider.

The minimum input voltage V;,, for correct operation of the voltage regulator LTC 3008 has to
be 270 mV above its output regulated voltage, or V;,, = (26.1 + 0.270) = 26.370 V. Since the LTC
3008’s input voltage is the output of the LTC 1144 dc-dc converter (which will be shutdown during
the application of the heat pulse), it is necessary to use a capacitor C'g that will present a maximum
voltage drop of AV = 34.5 — 26.37 = 8.15 V after a At = 10 s pulse with a current / = 6 mA. The
value of Cp is calculated from:

At 10s
Cp =157, = OmATT=S;

It is interesting to notice that V., and V5 are both dependent on resistor ratios (Rs/ Ry, R1/Rs),
which are very stable with temperature and tied to a single reference voltage Vizgr, so despite of
variations in the value of Vzgr (maximum of 1% according to the data-sheet) the circuit will always
operate correctly.

The measured result from the dc-dc converter circuit (powered witha V' = 15.5 V power supply)
and the voltage regulator circuit are presented in Fig. 4.4 (a) and (b).

Since the voltage regulator is a low dropout type (270 mV), its output stabilizes at the desired
Vreg = 25 V immediately after the dc-dc converter passes the 25 V voltage level, what occurs approx-
imately 940 ms after the circuit is turned on. However, the capacitor C'g in the dc-dc converter is not
yet fully charged at this time, and it is necessary to wait about 2.5 s (due to the switched-capacitor
action) before the output of the dc-dc converter stabilizes at 30.4 V and a measurement of the sensor

= 7360 uF (4.2)
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(a)

(b)

Fig. 4.4: Measured result in the output of the dc-dc converter and voltage regulator.

can be taken.

The measured result in the output of the op-amp (voltage pulse)is presented in Fig. 4.5.
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amplitude of the pulse presents the desired value, from 0 to 25.0 V.

The
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Fig. 4.5: Measured result of the voltage pulse in the output of the op-amp.

4.3 Current pulse generator circuit

The basic idea to produce the current pulse is through the switching of two different current
sources, as shown in the block diagram presented in Fig. 4.6.

Voltage Pulse
Circuit

6 mA 150 pA

Fig. 4.6: Block diagram of the current pulse generator circuit

The current pulse amplitude will vary from a low current /,; = 150uA (that will not self-heat
the sensor when Vg = 0) to a heat current of /.,,, = 6 mA. The current waveform generator circuit
developed uses an op-amp, a current source, a current mirror and an analog switch. The simplified
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schematic of the developed circuit is shown in Fig 4.7.
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Fig. 4.7: Block diagram of the current pulse generator circuit

The REF200 IC has two 100uA precision current sources and one current mirror. In the developed
circuit the current mirror is used to divide one of the 1004A current sources (/;), in order to produce
two identical 50uA current sources (/4 and /). The second current source in the REF200 (/) is not
used and do not drain any current if its output pin is left open.

Current sources [4 and [ are connected to the transistor’s emitter through resistors 5 and Rg,
forcing the transistor to deliver 100uA to those resistors. The transistor also supplies the current
drained by the op-amp output (through resistor R;). When the switch S5 is in position .S;, the voltage
drop in resistor R is the same as in Rg. Therefore, by making R; = Rg, the current through R, will
be 50uA, and the total current sinked from the transistor is 150uA.

When the switch is changed to position .S,,, the voltage drop in resistor Ry is the same voltage
drop around Rs. Therefore, by making R5 = 118Rg = 11.8 k{2, the current through R; will be
Ip7 = 188 - 50uA = 5.9 mA, and the total current sinked from the transistor is 6 mA as desired.

The measured result from the current pulse circuit is presented in Fig. 4.8. A value of 6.32 mA
was obtained because the value of Rj in the circuit was a little higher, 12.7 k€.
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Fig. 4.8: Measured result of the current pulse generator circuit

4.3.1 Analog switches

As it has been previously presented, the circuits developed to generate the heat pulse (voltage and
current) require two analog switches. In both circuits the analog switch is connected to the input of an
op-amp, so there is practically no current flow through the switches. The analog switch in the voltage
circuit (.S7) operates with input voltages of 0 V and 600 mV. The other switch (.5;) has input voltages
of (=Ver(Q1) — Vge) and (— Vg (Q1) — Vgr), which are approximately —570 mV and —1.2 V.

To reduce the circuitry, it is interesting to use the same clock signal and the same power supply
for both analog switches. The analog switch ADG819 from Analog Devices [32] can operate with a
5.5 V power supply and accepts rail-to-rail input voltages,. Thus, if S; and S5 are powered by a +2.5
V supply, the minimum and maximum input voltages (600 mV from S; and —1.2 V from S5) will fall
within the specified operational range.

The only problem left to be solved is in what concerns the clock signal, which will be taken from
the output of a microcontroller and has an amplitude of O V (digital “0”) and 3.3 V (digital “1”). For
the ADGS819, the V;y (minimum voltage interpreted as a digital “1”) is 2 V , and the V;; (maximum
voltage interpreted as a digital “0” ) is 0.8 V when relative to the ground reference. Since in this
design the analog switches are referenced to —2.5 V, it is easy to calculate that the clock signal has
to be lower than —1.7V and higher than —0.5 V to be recognized as a digital “0” and a digital “1”,
respectively.

A simple but effective solution was employed, using an op-amp in the inverter configuration, with
a gain Rg/ Ry = 0.667. When the input voltage is zero, the output voltage will be zero, which meets
the requirement of being > —0.5 V to be taken as a digital “1”. When the input voltage is 3.3 V, the
op-amp’s output voltage will be approximately -2.2 V, which meets the requirement of being < —1.7



4.3 Current pulse generator circuit 31

V to be taken as a digital “0”.

The schematic of the power supplies and the conditioning of the clock for the analog switches is
shown in Fig. 4.9. The £2.5 V supply voltages are derived from two LT1004 low-cost two-terminal
voltage reference ICs [33] and the =9 V sources shown were implemented by standard 9 V recharge-
able Ni-Cd batteries, as mentioned earlier.

MSP430
+9V /0 33V
\
+2.5V AN ov
-25V
Velk
-9V /
- oV OV ooy
22V

Fig. 4.9: Schematic diagram of clock conditioning circuit for the analog switches and 9 V and +2.5
V power supplies

The measured result of the clock signal in the output of the inverter amplifier op-amp is presented
in Fig. 4.10. Values of 0 V and —2.25 V were observed.
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Fig. 4.10: Measured result in the output of the op-amp (clock signal of the ADG819 switches).
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4.3.2 The microcontroller and the USB communication circuit

As it was previously mentioned, the interrogation circuit developed uses a microcontroller which
is responsible for controlling the analog switches Sy, Ss, making the Vzr measurements (with an in-
ternal A/D converter) and transmitting the stored measured data to a computer. The MSP430AFE251
microcontroller was used on the project, since it is ultra low-power IC, has a 24 bits A/D converter,
and can transmit data via a SPI interface, which is very useful to communicate with USB data con-
verters.

The full scale value of the internal A/D converter of the MSP430AFE251 is set internally to 1200
mV, so it should be possible to make the measurements of Vg directly. However, in the measurement
scheme used, the values of Vg are negative (the base of the transistor is connected to ground), so
an op-amp is required to invert this signal, as shown in Fig. 4.11, where the complete schematic of
the microcontroller and USB communication circuits is presented. Although the A/D converter can
operate with 24 bits, in this application it is being used with 16 bits, what results in a resolution
of 18.3uV. As it is expected that variations of Vzg in the order of millivolts will be measured, the
resolution provided by the 16 bits A/D converter must be sufficient to make the tests and validate the
concept of the new sensor.
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Fig. 4.11: Schematic diagram of the microcontroller and USB circuits

The MSP430 has two separated Vpp = 3.3 V sources, one for the digital part and the other
for the analog circuits. In most applications the analog AV, can simply be derived from the DV,
using a low-pass filter. However, when it is desirable to reduce the noise in the analog part as much
as possible, the use of two separate sources is highly recommended. Another recommendation to
reduce the noise in the analog part is to create two separated grounds, AGN D and DGN D, which
are connected by a ferrite bead, avoiding the noise from the high speed switching digital part to reach
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the analog ground.

As per the specification of the MSP430 data-sheet, the power must be supplied first (or exactly at
the same time) to the digital DV, and then to the AV,,. Since two separated voltage regulators were
used, and it is not possible to guarantee which one would ramp-up its output voltage before the other,
an external filter was inserted to introduce a delay in the AV}, signal .

To implement the USB serial communication, a USB-UART converter (FT232RL) was used [34].
This IC receives the data from the SPI Rx/Tx ports of the microcontroller and converts the data to be
used directly in USB port. The interrogator, when in regular use in the field, would store the sensors
measured data and the transmission of this data to the computer (via the USB port) would be done
only at the end of the measurements (typically a day of work). Thus, all analog measurement would
not be disturbed by the noise generated by the connection of the grounds of the computer ind the
interrogator, via the USB port.

Since this prototype was designed to be used in laboratory, where after each measurement the data
would be transferred to the computer to be studied, and it was not practical to connect/disconnect the
USB cable for every measurement, a simple solution was adopted, by connecting the USB socket to
the pins of the FT232RL through a relay, which is controlled by the MSP430 microcontroller. Thus,
the USB cable is permanently plugged in the prototype but their pins are connected to the circuit
(by the microcontroller and the relays) only when a V3 measurement is finished. Consequently the
system runs at very low noise during the measurement phase, since all the major sources of noise are
well isolated: the USB is disconnected, the dc-dc converter is shut-down, the AV, is separated from
the DV,,, and the AGN D is isolated from the DG N D with a ferrite bead.

This effort to isolate the noise sources proved to be very successful, as can be noticed in Fig. 4.12,
where a constant voltage was measured.

0,58252 , . . . . . . . .
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1 2 3 4 5

Measurement point
Fig. 4.12: Measurement of a constant Vg voltage, showing that a low-noise circuit was achieved
The plot shows five consecutive measurements taken with the interrogator from a Vg of a

2N2222 transistor, where the red bars indicate the error of +£1 LSB (418.34V) inherent to the A/D
converter. It is important to notice that this measurement was taken without any type of shielding (the
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circuit board was open, over the bench) and MINIPA MPL3303 power supplies (connected to the 127
AC line voltage) were used. If the interrogator had been shielded inside a metallic box and powered
with batteries, it is likely that an even better result could possibly be obtained.

The complete schematic of the interrogator is presented in Fig. 4.13 and the layout, routed in a

double-layer PCB board, is shown in Fig. 4.14.
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Chapter 5

Characterization of the sensor

5.1 Basic functional tests

0 make the humidity tests, several sensors were prepared using metal can transistors (2N2222)
Tand plastic transistors (BC547). The transistors had wires soldered to their lead terminals and
a silicone film was applied over these connections to electrically insulate these conductors. Some
of the sensors were encased in a a gypsum block, in order to test the proposed technique using the
traditional porous block configuration.

The interrogator was programmed to apply the heat pulse (/- = 6 mA, Vo = 25 V) for a period
t,m, —t; = 10 s. In order to obtain data from all phases of the measurement, the A/D converter was
programmed to measured the Vg as follows: 5 points are measured before the heat pulse, 185 points
are measured during the 10 s heat pulse and, finally, 9 points are measured after the end of the heat
pulse.

A LabView Program was written to open the USB communication serial port of the computer,
connect to the FT232RL and receive the measured data stored in the MSP430 microcontroller. In this
work, since the objective was to test the technique and the new sensor, the measured data was stored
in the RAM of the MSP430. In an interrogator designed to read hundreds of sensors in the field, it
would be necessary to add a mass memory to it and probably the best solution would be the use of
a flash memory. A print of the LabView screen with the plotted results of a Vpr measurement of
a plastic BC547 transistor (in air) is presented in Fig. 5.1, where is it observed the acquired points
during the three phases of measurement.

To test the operation of the interrogator and obtain basic comparative data about the sensor, a
device made with a 2N2222 transistor was measured both in the open air and inserted into a soil. In
Fig. 5.2 it is shown the measured results of the Vzp of the sensor, where it can be observed that a
variation of Vz F in the order of 3 mV is obtained just before the end of the 10 s heat pulse.

In order to plot the three phases in the same graphic, these two plots have different time scales
(x — axs). During the heat pulse the time between each measured point is 54 ms, and there are 185
measured points (points No.6 to No.190). In the other phases (before and after the heat pulse), the
time between each measured point is only 6.17 ms. Six points (points No.O to No.5) were measured
before the heat pulse, and 9 points (No.191 to No. 199) were acquired after the end of the heat pulse).
Thus, to avoid making a plot with three scales in the time axis, all graphs which have these different
time scales will be plotted with the x — axis given by the point position.

36
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Fig. 5.1: Labview plot of the measured Vg, showing the three phases of measurement.
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Fig. 5.2: Plot of the measured Vg of a sensor prepared with a 2N2222 transistor in air and inserted
in a dry soil.
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Examining the lower portion of the measured V3 curve in Fig. 5.3, just after the heat pulse was
removed from the sensor, one notices that there is a quick change in temperature because the sensor
cools quickly, transferring heat to the heatsink (soil or air).

As the A/D converter was set to read data at a sampling rate of 162 samples/s, the time between
two consecutive measurements after the heat pulse is removed is about 6.17 ms. Thus, a variation
of 1.5 mV in Vg is found in only 55 ms, and picking up a single value in this region can lead to
measurement errors. This part of the curve will be analyzed in detail in next sections to derive a
method for using this region to measure the Vg (T).

When calculating the V5 data to convert the measured points to AT, the resulting plot (presented
in Fig. 5.3) showed a very interesting and intriguing fact. The temperature of the sensor increases
substantially when the heat pulse is removed.
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Fig. 5.3: Plot of the calculated temperature in the sensor, from Vpz(7T) measurements presented in
Fig. 5.2.

It becomes clear that there is something wrong with the temperature calculated values, since
there is no reasonable physical interpretation for such behavior. How would it be possible to the
temperature of the transistor increase by a large amount, almost instantaneously after the heat pulse
is removed. Since there is no doubt about the measured values of Vg, the only explanation for this
strange temperature calculated values is that there is a very fast, almost instantaneous heating of the
transistor at the beginning of the measurement phase, immediately after the heat pulse is applied.
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If this hypothesis is true, the first point of Vzr measured (6.17 ms after the heat pulse is applied) is
the Vg of a transistor that has been already considerably heated. So, since the reference to calculate
AVpp (and consequently AT’) during the heat pulse is exactly this first value of Vg, to reflect the
actual values of temperature in the transistor’s junction, the whole curve of Vzg (7)) during the heat
pulse has to be level-shifted by this quasi-instantaneous temperature increase.

If one compares the last measured temperature point during the heat pulse with the first point after
the heat pulse is removed, it is reasonable to admit that these temperatures are equal (or at least very
close). So, in order to make these temperatures equal (or very close) in the graph of Fig. 5.3, the
correct curve of the temperature during the heat pulse must be level-shifted by 15°C. A plot of the
curve after applying the proposed correction (level-shifted by 15°C) is presented in Fig. 5.4.
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Fig. 5.4: Plot of the calculate temperature in the sensor, from Vzz(7T') measurements, after proposed
temperature correction.

It is possible to verify if this theory is correct by calculating the Vzg of the transistor using its
electrical model. For a transistor maintained at a constant temperature 7, if a current pulse from
ICy = 150pA to ICy = 6.32mA s applied, a variation of AVpp = Vr In(6.32mA /150uA) = 96.14
mV is expected to be measured. From the measurement of V3 taken 6.17 ms after the heat pulse is
applied, it is observed that a variation of only 64 mV was measured (63.98 mV for the transistor left
in the air and 64.16 mV for the transistor inserted into a dry the soil).
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The first explanation to this unexpected difference in Vzr was that it was due to the base modula-
tion (Early effect) caused by the large variation of Vi-5. However, this difference could be explained
only in part by the Early effect on the transistor. Adding the Early effect modulation to the expression
of collector current of a transistor one obtains:

Ver
Va

VB E
Vr

)(1+

Io = Lexp( ) (5.1)

where V4 1s the Early voltage [27].

From the data sheet of the 2N2222 it is found that its Early voltage is approximately 70 V, and
from Eq. 5.1 it is expected that an increase of current from /C; = 150uA to ICy = 6.32mA with a
simultaneous increase in Vg from 0 to 25 V would result in a variation of AVzg = 90.1 mV.

Thus, from the measured data the value of Vzr immediately before the heat pulse, a value of
Vee = 669.58 mV would be expected if the Early effect is taken into account to model the transistor.
However, the measured value AVzg ~ 64 mV is still much lower the calculated value AVggr = 90.1
mV and the difference (90.1 - 64.0 = 26.1) mV can only be attributed to a very fast heating of the
transistor

Assuming that at the instant ¢t = ty + 0t (with 0t — 0) the transistor is still at the tempera-
ture 7§, the thermal coefficient of Vg can be calculated using the equation presented in Chapter 3,
dVep(T)/dT = [—Vgo + Ver(To)]/To, which for the measured value of T, = 296 K, results in
dVpp(T)/dT = —1.77 mV/°C.

Using this value for dVpg(T)/dT = —1.77 mV/°C, the Vg difference of 26.1 mV represents a
temperature increase of 14.75°C. This calculated value is very close to the 15°C level shift that had to
be applied to correct for the real transistor’s temperature, indicating that the hypothesis is consistent
with the measured results.

This result indicates that measuring the variation of Vzg during the heat pulse shall present a
lower sensitivity, because this quasi-instantaneous increase in temperature will not be measured. If
the measurement is taken before the heat pulse and immediately after the heat pulse, this temperature
change will not be undetected and a higher sensitivity shall be obtained, although it is expected
that measuring the values of Vg immediately after the heat pulse can be a source of error. These
conclusions can be easily inferred from the plot shown in Fig. 5.3.

The last test for the evaluation of the sensor’s operation was performed with the sensor immersed
in water, to observe it in an extreme situation (100% of water content in the soil). The measured result
of the temperature variation is presented in Fig. 5.5.

From this curve it is possible to observe that the temperature variation measured when the transis-
tor is inside the water is only 3.5 °C, which is much lower than the AT = 8.34°C measured with the
transistor in a completely dry soil. These preliminary results confirm that the proposed single element
sensor is a low-cost, high sensitivity viable alternative to the well established dual element sensors
available.

Although this measured value of the transistor inside the water has been performed just to verify
the principle of operation of the sensor, a very interesting phenomena was detected during the mea-
surement. It is known that, theoretically, testing the sensors in water could be a problem because of
the heat convection that can occur, so the tests are always performed with an water-Agar solution.
The water-Agar solution is a gel which has the same thermal properties of the water but does not
present the heat convection problem (it is known as “immobilized water”).
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Fig. 5.5: Measured result of 2N2222 transistor immersed water.

As far we know, it is the first time that the theoretically predicted effects of fast water movement
around the sensor due to the heat convection were measured. This phenomena causes an abrupt
change (decrease) in the slope of the temperature curve due to the replacement of the hot water near
the sensor by cold water in the bath. These changes are clearly identified in Fig. 5.5. Although the
author initially imagined that the strange behavior of the curve was caused by noise or problems with
the measurement set-up, the same type of curve was always present when a sensor was tested inside
water. Further investigation in the literature led to conclusion that it is the heat convection in water
phenomena that is being observed in these measurements.

5.2 Application of the sensor in soil moisture measurements

Soil samples prepared in ESALC [35] were used to make the tests in laboratory. The soil water
retention characteristics were known, and should present 6, =~ 50% (when water saturated). This
characteristic was confirmed by measurement in laboratory, using the following procedure.

A sample of 480 ml of soil was conditioned inside a PCV container which had a permeable
material in the bottom. The soil was first oven-dried, weighted and left inside a recipient with water
for 24 h, so it will be hydrated to its maximum capacity. The amount of water absorbed by the soil
was 236 ml, what results in 6, = 49.1%.

Two sensors were used to make the experimental tests in soil samples: a sensor made with a
2N2222 transistor and a sensor made with a BC547 transistor. The sensors (with the connection
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wires) were inserted in small plastic cups filled with dry soil and weighted. The volume of the soil
was previously measured and weighted. The weight of the plastic cup was neglected since it is less
than 0.1g.

Next the sensors were hydrated with an amount of water which would lead them to a water content
just below the saturation. The samples were then weighted and left resting for 4 hours, allowing for
the water to redistribute evenly inside the soil, and a first interrogation was performed.

After this, the sensors were continuously weighted (to control the amount of water) and inter-
rogated every time a 2 g variation was observed (equivalent to 2 ml of water evaporation from the
soil).

The interrogator saved and transmitted to the PC the whole set of Vzp data (before, during and
after the heat pulse), in order to allow the study of the sensors using two techniques: temperature
measurement just after the heat pulse is applied and immediately before the heat pulse is removed (as
in all SPHP), and with a new technique, measuring the Vzp before the heat pulse is applied and after
the heat pulse is removed.

This new technique theoretically presents two advantages: the first is that all measurements can
be made at a low current level (1504A) and with the transistor with Vo = 0, removing nonidealities
of the transistor (Early voltage, base resistance, collector resistance and high injection effects) and
leading to a accurate measurement of the Vgp.

The second advantage is that the “loss of sensitivity” caused by the quasi-instantaneous heating
of the sensor does not happen when the measurement is made at low current levels (before and after
the heat pulse is applied).

5.3 Characterization of the sensor prepared with a 2N2222 tran-
sistor

5.3.1 Measuring during the heat pulse (2N2222)

The measured result of the temperature variation of sensor labeled M7 (during the application of
the 10 s heat pulse) as a function of the volumetric soil moisture content 6, is presented in Fig. 5.6

In this figure it is possible to see that when the volumetric water content of the soil changed from
0, = 0% to 0, = 43.8%, the maximum measured variation of AT was 4.5 °C. When the agricultural
range of 6, is considered, the maximum variation observed is approximately 3.0°C (from 4.8°C to
7.8°C).

It is important to remember that 3.0°C corresponds to a variation in Vg of approximately 5.7 mV
and, to read these variations with 1% resolution, it is necessary to resolve 57, V. As shown previously,
the 16 bit A/D converter has a resolution of 18,V and the interrogator allows for low noise readings,
with all readings falling inside a 54,4V range, so this sensor can be used to measure the soil moisture
with a 1% resolution in the agricultural range with this A/D converter.

The conventional method for determining soil moisture consists in calculating the difference in
temperature AT between the first and the last measured points (the first measurement after the heat
pulse is applied and the last measurement before the heat pulse is removed). These points (final value
of AT) are plotted in Fig. 5.7.
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Fig. 5.6: Measured result of a sensor prepared with a 2N2222 transistor for different values of 6,.
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Fig. 5.7: Plot of the temperature difference A7 as a function of soil water content 6, for a sensor
prepared with a 2N222 transistor.

It is interesting to plot the results obtained with the Campbell 229 sensor [4] and a dual probe
sensor [15] to compare the curves. The comparison of the results is shown in Fig. 5.8.

The nonlinear response obtained with all sensors is evident. When compared to the 229 SPHP
sensor from Campbell, it is seen that the developed sensor presents a similar behavior from 6, between
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Fig. 5.8: Comparison of the measured temperature difference A7" as a function of soil water content
0, for three different sensors: Campbell 229 SPHP commercial sensor, a DPHP sensor presented by
Mori et al. and the developed sensor prepared with a 2N2222 transistor.

6% and 16%, but the lack of data in the region of #, between 16% and 28% for the Campbell 229
does not allow for a good comparison between the curves for the rest of the range.

It is also interesting to show a plot of the resistivity of a soil, measured with another commercial
sensor (Decagon KD2 Pro) [36]. The plot, presented in Fig. 5.9, shows that a very nonlinear behavior
is obtained, and that this behavior depends heavily on the soil content, and that the curve of thermal
conductivity versus 0, may present more than one concavity. Furthermore, the mechanisms of heat
transfer inside the soil depend also on the soil density [37], and the same soil compacted with different
bulk densities presents a large variation of its thermal conductivity, as shown in Fig. 5.10.

Despite of the difficulty of precisely relating the values of AT measured (with any type of sensor)
with the actual content of water in a soil, it is important to notice that using the conventional technique
of measuring the temperature during the heat pulse, the developed single-element sensor in this work
presents a sensitivity which is approximately 4 times better than the other sensors.
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Fig. 5.9: Plot of the thermal conductivity of three types of soil: loam, quartz sand and organic
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Fig. 5.10: Effect of density and water content on thermal resistivity of a loam soil. The bulk densities
are 1.06 Mg/m3 for void ratio of 1.5, 1.33 Mg/m3 for void ratio 1, and 1.59 Mg/m3 for void ratio of

0.67.
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5.3.2 Measuring before and after the heat pulse (2N2222)

Since it was verified that the sensor is heated up almost instantaneously, and this quasi-instantaneous
heating reduces the AT" which is possible to be measured, it is worth to try a second technique for
measuring the AT where this fast heating will not reduce the temperature measurement range. The
idea is to measure the Vp before and after the heat pulse is applied, so both measurements will be
performed with Vo = 0 V and I = 150pA, and a larger variation of AT would be expected.

However, as mentioned earlier, there is a fast cool down of the sensor when the heat pulse is
removed, and it is necessary to verify how this temperature change affects the measurement.

In Fig. 5.11 it is plotted the variation of AT after the heat pulse is removed, for various values of
0., as a function of the time. All curves start at ¢ = 18.5 ms, since the first two measured points were
discarded, since other sources of error could affect the measurement (for example, the slew-rate of the
op-amp that applies the voltage pulse). As it can be noticed, the sensor cools down very quickly, and
all curves have the same behavior. This indicates that that for the whole range of operation (6, in the
range of 5% to 43.8%) it should be possible to choose any point of the measured values to calculate
the soil moisture.
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Fig. 5.11: Measured variation of AT (before and after the heat pulse) for various values of 4, as a
function of the time.

The plot in Fig. 5.12, where the value of 67 is a function of 6, for various measuring point
positions is presented, confirms what a visual inspection of Fig. 5.11 indicates: discarding the first
two measurements after the heat pulse is removed, the decay in temperature for the next 6 points is
very similar, regardless of the water content of the soil.

A plot of the variation of AT as a function of 6, in the agricultural range for the points No.3 and
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Fig. 5.12: Measured variation of AT (before and after the heat pulse) for each measurement point
position, various values of 6,,.

point No.8 is presented in Fig. 5.13. This range of points seem to offer the best solution to: (a) avoid
errors in the points acquired just after the heat pulse; (b) avoid letting the sensor to cool down too
much, decreasing the temperature range of AT and reducing its sensitivity.

At this point it becomes clear that both curves present very similar behavior, and using the data
from point No.3 will lead to a higher value of AT. Examining the plot of point No.3 in Fig. 5.13 it
is possible to calculate a maximum value of AT = 23.2°C for 6, = 6.3%. Using the data acquired
for point No.3, the maximum sensitivity of the sensor occurs for dry soils, and it is 79.3°C per unit
change (m3.m™3), that is, a 1% change in the water content will result in a temperature variation
AT = 0.79°C. For soils in the upper limit of the agricultural range (f, = 35%) the calculated
sensitivity is 52.3°C per unit change (m3.m~?).

The sensitivity of the developed sensor is one order of magnitude higher than the best result
presented in the literature for SPHP sensors, which present a sensitivity of only 7.6°C per unit change
(m®.m~3). When compared to the DPHP sensors, the sensitivity of this new sensor is almost 20 times
better, as the DPHP sensors available present a typical maximum sensitivity of 4.0°C per unit change
(m3.m~3).
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Fig. 5.13: Measured variation of AT (before and after the heat pulse) for point No. 3 and point No.
8, for various values of 6,,.

5.4 Characterization of the sensor prepared with a BC547 tran-
sistor

In order to study the influence of the packaging of the transistor in the sensor’s performance,
BC547 transistors, which have a plastic package, were also tested, and the same measurements were
performed.

It is possible to predict that the response of this plastic transistor will be significantly different
from the metal can 2N2222 transistor, since the data-sheets of these devices show that the thermal
resistance of both packages are very different: the thermal resistance (junction to ambient) of the
BC547 is Rrpjq = 250°C/W and the the 2N2222 has Ry j, = 383°C/W.

A lower thermal resistance indicates that the heat transfer to the soil will be more efficient, and
lower values of AT are expected in sensors prepared with the BC547 transistors. The variation in the
thermal capacity (the BC 547 has a large mass of epoxy acting as a heatsink) shall also change the
time constant of the sensor.

5.4.1 Measuring during the heat pulse (BC547)

The first measurement was made just to verify the functionality of the sensor. The results of a test
with the sensor in the air and inserted in a dried soil is presented in Fig. 5.14. It is noticed that the
sensor works correctly and, as expected due to its lower thermal resistance, the maximum temperature
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reached after 10 s of heat pulse (9.8 °C in the air and 6.1 °C in the dry soil) are respectively 0.4 °C
and 2.2 °C lower than the AT found in the 2N2222 transistor.

— Air
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Fig. 5.14: Measured variation of AT in the sensor prepared with a BC547 transistor in the air and
into a dry soil.

A measurement with the transistor immersed into the water was also performed, to verify if the
phenomena of water convection also occurs with this plastic package. The measured results are
presented in Fig. 5.15, where it is observed that the water convection is still possible to be noticed.

The sensor prepared with the plastic package transistor was tested in the whole agricultural range,
using the same experimental procedure employed in the measurement of the sensor with the metallic
2N2222 transistor, and the results are presented in Fig. 5.16.

Observing the results, it is seen that the maximum value of AT was 5.0 °C (which is much
lower than the AT = 7.5°C found with the 2N2222 sensor), confirming the theoretically predicted
lower sensitivity, due to the lower thermal resistance. Besides this loss in sensitivity, a problem is
found when measuring a soil with high water content (6, = 37.5%), since it can be observed in the
presented curve that the phenomena of water movement in the soil is present, a known source of
errors in determining soil moisture.

A plot of AT (last point measured immediately before the heat pulse is removed) as a function of
0, is presented in Fig. 5.17.
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Fig. 5.15: Measured variation of AT in the sensor prepared with a BC547 transistor immersed in
water.
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Fig. 5.16: Measured variation of AT as a function of the time, for the sensor prepared with a BC547
with various 6,,.
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Fig. 5.17: Measured variation of AT in the sensor prepared with a BC547 transistor as a function of
0., .

5.4.2 Measuring before and after the heat pulse (BC547)

In Fig. 5.18 it is plotted the variation of AT, for various values of 6,, as a function of the time.
The measurement protocol was exactly the same used with the 2N222 transistor. All curves start at
t = 1.14 ms and the first two measured points were discarded. Here it becomes evident that the
different thermal properties of the plastic package have a large influence in the sensor’s behavior.

Examining the curves in Fig. 5.18 it can be noticed that the thermal capacity of the plastic package
introduces a delay in the thermal behavior of the sensor and, depending on the soil moisture, the slope
of the curve is positive or negative for this small period of time analyzed.

For values of 6§, above 25 % the temperature of the sensor decreases after the heat pulse is re-
moved, whilst for 6, below 25 % the temperature of the sensor continues to increase. Of course this
increase in temperature occurs only for a very small period of time, but this phenomena can lead to
inaccuracies in the measurement. Of course that delaying the measurement to avoid picking up a
point while the sensor is still heating up would be a solution, however, as shown earlier, this would
decrease the sensor’s sensitivity.

The plot of the points No.3 and points No.8 is presented in Fig. 5.19. The crossing of the curves
occurs because of the slope change of the curves.

It was shown that the SPHP sensor prepared with a plastic package transistor presents a lower
sensitivity (the metallic package presented a maximum sensitivity which is 50% higher) and also that
the thermal properties of the package introduces thermal delays that results in inaccuracies in the
association of AT with water content in the soil 6,,.

From these findings, it seems that there is not any advantage in using the plastic package transis-
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Fig. 5.18: Measured variation of AT (before and after the heat pulse) for each measurement point
position, various values of 6, (BC547).

tors to make the SPHP soil moisture sensors, and further investigations must be conducted if for any
reason it is desired to use transistors with plastic packages.

Finally, the sensors which were encased in a porous gypsum block were also tested. Both plastic
(BC547) and metallic (2N2222) transistors were used to prepared the gypsum block sensors. In
Fig. 5.20 it is plotted the variation of AT for three values of #, (dry, intermediate and saturated) for
the gypsum block with a 2N2222 transistor. In Fig. 5.21 it is plotted the same curve for the gypsum
block with a BC547 transistor.

The measurement of the sensor prepared with a gypsum block showed problems with both tran-
sistors. Although both sensors worked well for low water contents, both presented problems when
saturated with water.

The sensor with the plastic package transistor (BC547) when saturated with water showed a curve
that is impossible to be used to make any reading of temperature. The sensor with the metallic package
transistor (2N2222) when saturated with water showed a curve that presents a clear instability near
the end of the heat pulse. The pattern of heating and cooling of the junction of the transistor found
in the measurements with the sensors saturated, indicates that there is water movement inside the
gypsum porous block.

This characteristic was observed in many sensors, and further investigation must be conducted to
fabricate sensors with the proposed technique using gypsum porous blocks. A decrease in the power
applied to the transistor was a solution that effectively worked and reduced/eliminated the water’s
movement inside the porous block, but this solution brings an associated loss of sensitivity. Another
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Fig. 5.19: Measured variation of AT (before and after the heat pulse) for measured points in position
No.3 and No.8, as a function of 6, (BC547).

possible solution would be changing the porosity of the gypsum block, but this is far beyond the scope
of this work.

Since soil moisture sensors prepared with gypsum blocks present many weaknesses (they deterio-
rate with time, the porosity changes with time because the porous become obstructed by soil particles,
they are much larger and weight more than the single transistor sensors), it seems that future applica-
tions of this developed technique will be focused on the use of single transistors, without any porous
material around them.



5.4 Characterization of the sensor prepared with a BC547 transistor 54

8 | - | - T ' T ' T
2L -
6 |- -
5+ -
— 4} -
oU R i
S o3t i
2 | . -
i © Saturated with water |
1 £ @ Left 2 hours in open air, .
- after being saturated l
0 o -

| ) | ) | ) | ) |

0 5 10
Time [s]

Fig. 5.20: Measured variation of AT" (during the heat pulse) for three values of 6,, as a function of
the time (2N2222).
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Chapter 6

Conclusions

HE classic technique for measuring soil water content using heat transfer properties was employed
Tto develop a new single probe heat pulse sensor. The novel sensor is comprised of only one
element, a npn junction bipolar transistor, which works as both heating and temperature sensing
elements. The variations of V3 as a function of the temperature are used to measure the temperature
of the sensor and, since the behavior of Vg(T') is one of the most well studied expressions that
describe the bipolar transistor, the sensor’s temperature can be measured with high accuracy.

The fabrication of bipolar transistors is well dominated since the end of the 1960s. Because of
the fact that fully automated manufacturing techniques are used to package the transistors, the me-
chanical and thermal behavior of all transistors manufactured by a same silicon foundry are virtually
identical, resulting in sensors with the same thermal behavior. Modern technologies produce tran-
sistors with electrical characteristics extremely well matched, and sensors manufactured using these
well controlled transistors would not require any type of calibration.

An ingenious technique of increasing simultaneously the voltage V-5 and the collector current
I+ of the transistor allows for the application of the heat pulse with low level currents, in the order of
6 mA, while the conventional heat pulse sensors use currents in the range of 50 mA to generate the
heat pulse. This results in a long battery life for the interrogator circuit. A dc-dc converter was used
to generate the 25 V voltage required to apply the heat pulse.

The sensor developed is very small, lightweight, low-cost, and requires only 6 mA to create the
heat pulse. Therefore, it is adequate not only to be used in the crop fields, but also in space flight
applications, where the culture of plants in microgravity is being investigated, for future long-term
self-sustainable space missions. Although not too much information has been revealed from the
TMAS sensor [17] currently under test by NASA, since it uses a NiCr resistor encased together with
a thermistor, it is expected that the thermal behavior will not be very different from the conventional
SPHP or DPHP, and a current in the order of several tens of mA must be used to heat the sensor.

The sensor developed in this work presented a sensitivity of 79.3°C per unit change (m®.m~3) for
soils in the lower limit of the agricultural range (¢, = 5%) and, for soils in the upper limit of the
agricultural range (¢, = 35%), the calculated sensitivity is 52.3°C per unit change (m>.m~3).

These figures are one order of magnitude higher than the best result presented in the literature
for SPHP sensors, which present a sensitivity of only 7.6°C per unit change (m*.m~?) for 0, = 5%.
When compared to the DPHP sensors, the sensitivity of this new sensor is almost 20 times better, as
the DPHP sensors available present a typical maximum sensitivity of 4.8°C per unit change (m*.m~3)
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for the same 0, = 5%.

When compared to the dual/multiprobe heat pulse sensors, they are much easier to be fabricated
(the only procedure is to solder the terminal wires and apply a film of insulator to these connections,
for example a silicone), do not require calibration and do not present measurement errors due to the
deformation of the probes experienced by the SPHP or MPHP sensors when inserted into a soil.

A simple electro-thermal model was developed and experimental results show that the model can
be used to predict the thermal behavior of a sensor using circuit SPICE-like simulators. Two types
of sensors were prepared, using a metal can package transistor and a plastic package transistor. The
developed electric-thermal model showed that the plastic package transistor should present a lower
sensitivity, and this was verified experimentally. The sensors that used the plastic transistors presented
a poor behavior when measuring soils with high water content, since they produced the convection of
water which was near the surface of the sensor.

A couple of sensors were also prepared using a gypsum porous block, just to investigate the
behavior of this new technique in conventional porous block sensors. The tests were performed
motivated mostly by scientific curiosity, because the porous blocks made of ceramic or gypsum have
a short life in the field (they deteriorate with time and get obstructed by soil particles, changing its
thermal characteristics) and, due to its size and weight, are not adequate for space flight applications.

The results obtained with the gypsum porous block showed that the sensors worked, but the move-
ment of water inside the porous block when the sensors are saturated with water can jeopardize the
result of the measurement. A different technology for the fabrication of the porous block (controlling
the size of the porous) or a decrease in the heat pulse would be necessary to make these porous block
sensors operate correctly.

An interrogation technique was developed and an electronic circuit was designed, implemented
and tested. The circuit is powered by batteries and, due to the low current interrogation technique
developed, the battery durability is expected to be months before a recharge is required. The circuit
uses a MSP430FE251 microcontroller to manage the measuring operations and to make the A/D
conversion (with 16 bits) for reading the Vg values.

An USB-UART converter (FT232RL) was used to transmit the data stored in the microcontroller
to a PC computer, using the USB port. An especial strategy was used in the management of the
measurement, and the USB port and the dc-dc converter were turned-off during the whole phase of
measurement, resulting in a very low-noise system. The A/D conversions of a stable voltage showed
that the measurement fluctuation fell within a 3 LSB band (all measurements fell inside a 54.9uV
band).

A LabView program was developed to read and process the V5 data sent by the interrogator, cal-
culating the temperature of the sensor and showing the maximum value of A7T". Using the LabView to
automatically read and process the data during the laboratory experiments for the characterization of
the sensors was fundamental, since hundreds of measurements were made in many different sensors.

Finally, it is important to observe that this work has presented only the basis for the develop-
ment of SPHP sensors using a single transistor as the heating and sensing element, and much further
investigations must be carried out to optimize the sensor.

The technique continues to be investigated, in a Ph.D. work in the Department of Electronics and
Microelectronics DEMIC/FEEC. In this Ph.D. work the influence of parameters like time of heating,
heating power, initial stand-by current, measurement point position, initial heating phenomena are
being studied, using the electronic interrogator developed and the preliminary knowledge acquired
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with this work.

Another possible utilization for this work is the development of a thermal property analyzer, an
equipment which is used not only in the agricultural field but also by engineers that need a portable
field or laboratory device to measure thermal conductivity, resistivity, diffusivity, and heat capacity.
Since many of these equipments use the SPHP technique together with a microprocessor to calculate
the thermal parameters of the material being tested, the developed sensor has all the features required
to implement a thermal property analyzer.
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