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Preface

In recent times, the wireless sensors and sensors network have been widely used in
many applications such as monitoring environmental parameters, monitoring and
control of industrial situations, intelligent transportation, structural health
monitoring, health care and so on. The advancement of electronics, embedded
controller, smart wireless sensors, networking and communication have made it a
possibility of the development of a low cost, low power smart wireless sensors
nodes. Though there are many publications on the topic, the book will provide
very useful information and basic knowledge to develop a wireless sensor network
from scratch.

The complete book is divided into seven chapters.

The fundamental of sensors have been described in Chapter 1. A short
descriptions of a few sensors used for making wireless sensors or smart sensors
has been provided. For implementing a smart sensor the basic knowledge of this
chapter is very important.

For making a smart sensor or a wireless sensor network, the sensor is connected
to a processor. There is always some issues of interfacing a sensor to a processor.
The chapter 2 has described some issues of interfacing sensors to a processor and
signal conditioning.

The Chapter 3 has introduced some fundamentals of developing wireless sensor
network (WSN). The importance of developing of WSN and different components
to achieve it has been explained.

The basics of power supply and different energy harvesting techniques for the
sensor node in WSN has been explained in chapter 4.

The chapter 5 provides the basic knowledge to implement a WSN. The
emphasis has been given on ZigBee based system design. The readers will get
complete idea of implementing the configuration of a sensor node and the
coordinator. The chapter then explains the programming details of making a GUI
for data reception and storage.

A few techniques of analysing the sensors data has been explained in the
chapter 6.

The chapter 7 has described the implementation of three projects involving
wireless sensors and sensors network. The readers will get a very good idea about
the details of implementation.

I am very much indebted to many of my students (past and present) who
actually contributed significantly on the manuscript. It would be unfair if I do not
mention their names (not in order): Nagender Kumar Suryadevara, Quan Vu, Sean
Kelly, Gerard Mendez, Mathias Haefke, Chinthaka Gooneratne, Michael
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Sutherland, Anuroop Gaddam, Mohd Syaifudin Abdul Rahman, Vishnu Kasturi,
Karan Singh Malhi, Matias Haefke, Julia Schnepper, Satinder Singh Gill, Mohd.
Amri Yunus, Chagitha Ranhotigamage, Hatim Al Abri. I would like to specially
mention Nagender Kumar Suryadevara who has contributed a huge part of the
chapters 5 and 6. I am also grateful to many researchers for their technical papers,
many of which have not been mentioned. I also like to express my thanks to my
wife, Krishanthi and my children, Sakura and Hiroshi, for their continuous support
and help.

Subhas Chandra Mukhopadhyay

School of Engineering and Advanced Technology
Massey University (Manawatu)

Palmerston North, New Zealand
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Chapter 1
Sensors Fundamental

Introduction

In our everyday life we use different sensors for various applications. A sensor is a
device or a part of a system which is used for the measurement of physical,
chemical, biological or any other parameters. Usually, a sensor gives an equivalent
signal either in voltage or in current form which can be measured, processed,
stored and transmitted. For example, a Resistance Temperature Detector (RTD)
shows change of resistance with the change of temperature. The change of
resistance is measured for the measurement of temperature. Using the RTD in a
suitable electronic circuit, an equivalent voltage signal can be obtained as a
function of temperature.

Ideally, it is expected that the sensor should only be sensitive to the parameter it
measures and should not be influenced by any other parameters in the
surroundings. Also, the measured parameters should not influence the sensors.

The sensor changes its output with the change of the measured parameters. The
relationship between the sensor’s output and the measured parameter is defined as
the sensitivity of the sensors. For example, in a tacho-generator the output is a
voltage output in volt (V) which is a function of speed in RPM (Revolutions per
Minute). So the sensitivity is expressed as V/RPM. In an ideal situation the
sensors should provide linear relationship between the output and the measured
parameter. But, in many situations, this may not be true and the output can be
mathematically expressed as a function of the measured parameter.

The sensor technologies have made an enormous impact on the modern day
industries. There are many sensors available in the market and a lot of researches
are currently undergoing to develop new, smart, efficient and high performance
sensors. In the following section the classification of sensors are discussed.

1.1 Sensor Classification

Figure 1.1 shows a few sensors developed for some new applications at Massey
University, New Zealand. Figure 1.2 shows some sensors which are readily
available in the market. A few pictures are downloaded from internet without any

S.C. Mukhopadhyay: Intelligent Sensing, Instrumentation and Measurements, SSMI 5, pp. 1-27]
DOI: 10.1007/978-3-642-37027-4_1 © Springer-Verlag Berlin Heidelberg 2013



2 1 Sensors Fundamental

reference details. There are varieties of sensors available in the markets that are
ready to be used in a sensing system. In this particular section we will be looking
at some of the sensor technologies that are available on the market that could be
used for making a sensing system. The operating principles as well as their

advantages and disadvantages will be discussed.

Fig. 1.1 Research on new types of sensors under development at Massey University, NZ

Fig. 1.2 Sensors available off the shelf

Table 1.1 shows some of the sensors along with their measurand (defined as a
physical quantity, property or a condition) and transduction principle. Various
methods are utilised to measure different phenomenon and consequently they are
used in respective applications.



1.2 Thermal Sensors

Table 1.1 Measurand and transduction principle of a few sensors

Measurand Transduction principle
Temperature Thermistor, Thermocouple, Thermo-mechanical
Humidity Resistive, capacitive
Pressure Piezo-resistive
Flow Pressure change, thermistor
Force Piezoelectric, piezoresistive
Torque Piezoresistive, optoelectronic
Strain Piezoresistive
Vibration Piezoresistive, piezoelectric, optical fiber,
sound, ultrasound
Position E-mag, GPS, contact sensor
Velocity Doppler, Hall effect, optoelectronic

Angular velocity
Acceleration

Proximity

Tactile/contact

Optical encoder
Piezoresistive, piezoelectric, optical fiber
Hall effect, capacitive, magnetic, seismic,

acoustic, RF

Contact switch, capacitive

1.2 Thermal Sensors

Thermal sensors are used mainly for temperature measurement. Thermal sensor is
one of the most commonly used sensors in the modern world. There are five
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different families of thermal sensors available, each family of thermal sensors has
its own advantages and disadvantages. This section provides an overview of these
thermal sensors.

1.2.1 Thermistors

Thermistors are widely used for measurements of temperature in a simple manner.
A thermistor is a temperature-sensing element that is composed of sintered
semiconductor material which exhibits a large change in resistance proportional to
a small change in temperature. Thermistors usually have negative temperature
coefficients which mean that the resistance of the thermistor decreases with the
increase in temperature. Thermistors are not very accurate or stable but they are
easier to wire, cost less and are very popular in automation panel as they are used
directly. Figure 1.3 shows some commonly available thermistors in the market.

N

Fig. 1.3 A few commonly available thermistors

100000

10000

resistance/ohms

1000

a 20 40 60 a0 100

temperature r*C

Fig. 1.4 A typical resistance-temperature characteristic of a thermistor
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Figure 1.4 shows a typical resistance-temperature characteristic of a thermistor.
The advantages of thermistors are: (i) highly sensitive and stable, (ii) cheap and
(iii) quite accurate over small temperature ranges. But they have a few
disadvantages too. The disadvantages are: (i) Non-linear resistance-temperature
characteristics, (ii) limited temperature operating range and (iii) self heating.

1.2.2 Thermocouple

A thermocouple consists of two dissimilar metals, joined together at one end.
When the junction of the two metals is heated or cooled a voltage is produced that
can be correlated back to the temperature. The representation of the principle of
operation of a thermocouple sensor is shown in figure 1.5. Thermocouples are
suitable for measuring over a large temperature range. They are not very much
suitable for applications where smaller temperature differences need to be
measured with high accuracy. For such applications thermistors and resistance
temperature detectors are more suitable. Applications include temperature
measurement for kilns, gas turbine exhaust, diesel engines, and other industrial
processes. Figure 1.6 shows a few thermocouple sensors available off-the-shelf.
Table 1.2 shows the range and sensitivity of the commonly available
thermocouple sensors. Figure 1.7 shows the sensitivity of the different types of
thermocouple sensors.

Reference
Junction

. Metal 1

N
N
Millivolt /.

meter

Sensing
Junction

Metal 2

Fig. 1.5 The principle of operation of a thermocouple sensor

Fig. 1.6 A few thermocouple sensors available off the shelf
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Ref. Materials Range (°C) Sensitivity
(WVFC)
E Chromel / Constantan -200 to 1000 63
J Iron / Constantan -200 to 900 53
T Copper / Constantan -200 to 400 43
K Chromel / Alumel -200 to 1300 41
R Platinum / Platinum 0 to 1400 6
13% rhodium
0.09
0.08 1
s 0.07 E , ////,
3 0.06 //// b
é 0.05 f //// K g
g 0.04| ///// p
§ 0.03 ///// 1
oozl //:/T// i
0.01F ////;5?/:/ R
0O 7777276(;77710‘70 660 860 10b0 12b0 1400

Temperature oC

Fig. 1.7 Characteristics of some thermocouple sensors

A few advantages of thermocouple sensors are: (i) wide temperature range, 230
°C — 2300 °C, (ii) relatively cheap, (iii) highly accurate, (iv) low long-term drift
and (v) fast response time. There are a few disadvantages too, which are: (i) the
relationship between the temperature and the thermocouple signal is non-linear,
(i1) they provide a low output signal (LV), (iii) they are vulnerable to corrosion
and (iv) calibration of thermocouples can be tedious and difficult.

1.2.3 Resistance Temperature Detectors (RTD)

Resistance Temperature Detectors or RTDs are sensors used to measure
temperature by correlating the resistance of the RTD element with temperature.
RTDs are very popular in many industrial applications such as: air conditioning,
food processing, textile production, plastics processing, micro-electronics, and
exhaust gas temperature measurement. Most RTD elements consist of a length of
fine coiled wire wrapped around a ceramic or glass core. The element is usually
quite fragile, so it is often placed inside a sheathed probe to protect it. Figure 1.8
shows a few RTDs available off-the-shelf.
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A few advantages of RTD sensors are: (i) Linear over wide temperature
operating range, (ii) Relatively accurate and (iii) Good stability and repeatability
at high temperature (65 - 700 °C). The disadvantages are: (i) Low sensitivity, (ii)
Higher cost compared to thermocouples and (iii) vulnerable to shock and
vibration.

Fig. 1.8 Off-the-shelf Resistance Temperature Detectors

Figure 1.9 shows different connection diagrams by which a RTD sensor can be
connected to measure temperature. The output of the Wheatstone bridge can be
interfaced to a processor for the calculation of temperature. (Source: http://
en.wikipedia.org/wiki/Resistance_thermometer). The connection diagrams shown
are applicable to other temperature sensors too.

Resictance Resistance A w2
lement lement
e O
» /
RT% - Lead Resistance _a
G
= SUpply
o/ L/
Bridge Output Bridge Output
(a) Two-wire method (b) Three-wire method
Resistance
Resistance Element
lement
/w
T\ ; /@) Bridge Qutput R Ca)
- Lead Resistance / 4 /
RT [Power
= V4 Suppty Supply
Bridge Output m§£ RH

(¢) Four-wire method (d) Improved four-wire method

Fig. 1.9 Different methods of connection of RTDs
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1.3 Humidity Sensors

A humidity sensor measures the humidity level in the air. The humidity is one the
important weather parameter and needs to be measured regularly. It is also
sometimes necessary to measure humidity in homes for people as the humidity
gets affected as part of home heating, ventilating, and air conditioning systems.
Humidity sensors can also be used in cars, office and industrial systems, and in
meteorology stations to report and predict the weather. There are three types of
humidity sensors: resistive, capacitive, and thermal conductivity humidity sensor.
The following section discusses their operating principles as well as addresses
their advantages and disadvantages.

1.3.1 Resistive Humidity Sensors (RHS)

Resistive Humidity Sensors (RHS) measure the changes in electrical impedance of
a hygroscopic medium such as conductive polymer, salt, or treated substrate.
These sensors are suitable for use in control and display products for industrial,
commercial, and residential applications. RHS consists of noble metal electrodes
either deposited on a substrate by photo-resist techniques or wire-wound
electrodes on a plastic or glass cylinder. Figure 1.10 shows a few typical resistive
humidity sensors.

L )

Fig. 1.10 Resistive humidity sensor

A few advantages of resistive humidity sensor are: (i) Fast response time, (ii)
Almost linear voltage output, (iii) High accuracy, (iv) Small size and (v) Wide
relative humidity range.

There are a few disadvantages too. They are: (i) Lower operating temperature,
(i) Sensitive to chemical vapors, (iii) Low tolerance against contaminants and (iv)
Low condensation tolerance.

1.3.2 Capacitive Humidity Sensors (CHS)

Capacitive Humidity Sensors (CHS) are widely used in industrial, commercial,
and weather telemetry applications. CHS consists of a substrate on which a thin
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film of polymer or metal oxide is deposited between two conductive electrodes.
The sensing surface is coated with a porous metal electrode to protect it from
contamination and exposure to condensation. The substrate is typically glass,
ceramic, or silicon. The changes in the dielectric constant of a CHS are nearly
directly proportional to the relative humidity of the surrounding environment.
Figure 1.11 shows a few typical capacitive humidity sensors.

TT'J —

Fig. 1.11 Capacitive humidity sensors

The advantages of the Capacitive Humidity Sensors are: (i) ability to function
in high temperatures environments (up to 200°C), (ii) Near linear voltage output,
(iii) Wide RH range, (iv) High condensation tolerance, (v) Reasonable resistance
to chemical vapors and contaminants, (vi) Minimal long-term drift, (vii) High
accuracy and (viii) Small in size and low cost.

The disadvantages are: (i) Limited sensing distance and (ii) Sensor integration
can be tedious and difficult.

1.3.3 Thermal Conductivity Humidity Sensors (TCHS)

Thermal Conductivity Humidity Sensors (TCHS) measure the absolute humidity
by quantifying the difference between the thermal conductivity of dry air and that
of air containing water vapor. These sensors are suitable for applications such as:
paper, cooking, chemical solids, kilns for drying wood, machinery for drying
textiles, pharmaceutical production and food dehydration. TCHS consists of two
matched negative temperature coefficient (NTC) thermistor elements in a bridge
circuit: one is hermetically encapsulated in dry nitrogen and the other is exposed
to the environment. A few typical Thermal Conductivity Humidity Sensors are
shown in figure 1.12.

The advantages of the Thermal Conductivity Humidity Sensors are: durable,
has the ability to operate at high temperature up to 600°C, has excellent immunity
to chemical and physical contaminants, provide high accuracy and high
condensation tolerances. The disadvantages are: it may respond to any gas that
has thermal properties different from those of dry nitrogen and is expensive.
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Fig. 1.12 Thermal conductivity humidity sensor

1.4 Capacitive Sensors

The capacitive sensors are very popular in many different applications, mainly to
measure the dielectric properties. The parallel plate capacitor has two electrodes as
shown in figure 1.13a and the electrodes are connected to a voltage source. The
necessary electrical connection to measure the capacitance is shown in figure
1.13b. The capacitors are formed between positive and negative electrodes. The
capacitance of a parallel plate capacitor is given by:

_&EA
d

C (1.1)

Where, C is the capacitance in Farad

g is the absolute permittivity of free space, €, = 8.854*10"* F/m

€, is the relative permittivity of the material.

A is the effective area.

d is the effective separation distance between the positive and the negative
electrode.

(a) (b)

Fig. 1.13 (a) A simple parallel plate capacitor; (b) the electrical connection for parameter
measurement
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With respect to the figure 1.13b, the impedance of the capacitive sensor can be
calculated by:

v, Vv v,
Z="n—_Tihn_ Qr, Z=-MxR (1.2)
I, VIR v,

K K

Where, V,, is the input or excitation voltage across the system involving the
capacitive sensor and a series resistance, R;. The series resistance should be
properly chosen so that it doesn’t affect the measurement.

I is the supply current from the source.

V; is the voltage across the series resistance, R;.

Both the magnitude and the phase of the sensor impedance are measured. The
real part (R) and the imaginary part (capacitive reactance, X,.) of the sensor is
given by;

R=Zcos0—R, (1.3)
X.=Zsind (1.9

Depending on the materials, both the real and imaginary parts can be used to
determine the properties of the system under investigation. From equation (1.4)
the effective capacitance can be calculated by:

1

C =
2 X,

(1.5)

1.5 Planar Interdigital Sensors

The operating principle behind the planar interdigital sensor is very similar to the
one observed in a parallel plate capacitor. Figure 1.14 shows the relationship
between a parallel plate capacitor and an interdigital sensor, and how the transition
occurs from the capacitor to a sensor. There is an electric field between the
positive and negative electrodes and figures 1.14a, b and ¢ show how these fields
pass through the material under test (MUT). Thus material dielectric properties as
well as the electrode and material geometry affect the capacitance and the
conductance between the two electrodes.

o+
1

Fig. 1.14 (a) a parallel plate capacitor; (b) and (c) an interdigital sensor to provide a one
sided access to the material under test



12 1 Sensors Fundamental

The electrodes of an interdigital sensor are coplanar. Hence, the measured
capacitance will have a very low signal-to-noise ratio. In order to get a strong
signal the electrode pattern can be repeated many times. This leads to a structure
known as an interdigital structure. The term “interdigital” refers to a digit-like or
finger-like periodic pattern of parallel in-plane electrodes, used to build up the
capacitance associated with the electric fields that penetrate into a material
sample. This is shown in figure 1.15. In figure 1.15 one set of electrodes are
connected or driven by an AC voltage source while the other set are connected to
ground. An electric field is formed between the driven and the ground electrodes.
The figure 1.16 shows the electric field lines for different spacing of the
electrodes. It can be seen that the depth of penetration of the electric field lines
vary for different wavelengths. The wavelength (L) of interdigital sensors is the
distance between two adjacent electrodes of the same type. In figure 1.16 there are
three lengths (/;, I, and I;) showing the different penetration depths with respect to
the wavelengths of the sensor.

SC Voltage
Source

JULINR

Ground

Fig. 1.15 Interdigital sensor structure, where the electrodes follow a finger-like or digit-like
pattern

@ Elexible )

Fig. 1.16 Electric field formed between positive and negative electrodes for different pitch
lengths, (I}, [; and I3) [33]
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Planar interdigitated array electrodes have many applications such as gas
detection, determining components in aqueous solutions, estimation of fiber,
moisture and titanium dioxide in paper pulp and complex permittivity
characterization of materials.

1.6 Planar Electromagnetic Sensors

A planar electromagnetic sensor is based on a combination of planar interdigital
sensor and a planar meander sensor. The sensor creates a high-frequency electric
and magnetic field driven by an alternating supply. By measuring the modification
of the electromagnetic field which is caused by the surrounding material, the
properties of the system under test are estimated. The planar electromagnetic
sensor system can detect not only metallic and/or non-metallic materials but it can
detect the material properties of a mixture of conducting, magnetic and dielectric
materials. The picture of one of the sensors is shown in the figure 1.17. The sensor
is connected to an external function generator which provides an alternating 10
Volt peak—to-peak (or any suitable magnitude) sine waveform signal between
point 1 and point 4 as shown in the top view in figure 1.17. The bottom layer
shows the sensor consists a spiral meander planar coil surrounding (each turn is
distanced at 0.5 mm) an interdigital sensor which connected in series. The
combined meander coil and the interdigital coil are connected to an alternating
supply voltage. An alternating electromagnetic field is generated around the whole
sensor due to the alternating electric current. Impedance values from meander and
interdigital sensors are used as the characterization parameters of the material
under test.

Fig. 1.17 Planar Electromagnetic sensor: Left-hand side: top view and right hand side:
bottom view

The equivalent circuit can be seen from figure 1.18. The sensor is connected to
a function generator where R, is the output resistance with a nominal value of 50
Q. R;; and Xj, represent the real part and the imaginary part of the interdigital
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sensor, R, and X,,, represent the real part and the imaginary part of the meander
sensor and R; represent series surface mount series resistor connected to the
SEensor.

Function generator

r—ww/ .

= 1

ms zms | :
|

|

Fig. 1.18 An electrical equivalent circuit of the inductive-capacitive planar sensors
connected in series

The calculation of the equivalent circuit parameters are done as follows:
The total impedance Zs is given by,

Zs' = ‘/140R1
* T V,£0

(1.6)

where 0 is the phase difference between V,(t) with V3(z) in degree, taking V;(t) as
reference. V;(¢) is the rms voltage across the surface mount resistor (between
point 3 and point 4). V;(t) is considered as the reference so that its phase angle is
0°.

For the interdigital sensor, we can have the following:

V,£86.

is = # 1 (L.7)
V,£20

where V, is the rms values of voltage between point 2 and point 4. 8, is the phase
difference between v,(t) with v;(t) in degree. Therefore, R;; and X, are given by:

R, :|ZI.S cos(6,)- R,

(1.8)
X, =lz,

is

sin(6,)

(1.9)
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R, and X, indicate the real part and the imaginary part of the meander sensor,
respectively.
The impedance related to meander part R,,;, X,,5, and Z,; are given by:

R, =|Z/|cos(6,)-R, - R,

(1.10)
X, =|Zl|sin(91) (L1D)
X, =X -X, (1.12)
. 2 2 -1 X .
Z =R +jX =+(R Y+(X )Ztan (R—m}=|z,m_493 (1.13)

The suggested operating frequency depends on the material properties and may be
different for different materials. The first experiment involved establishing the
reference values by making the measurement of all real part and imaginary part
(interdigital and meander) of the sensors. For measurement related to water
contamination, distilled water/mili-q water may be used as a reference.

Afterwards, the experiments are repeated with any water samples to measure
the sensitivities given as the following:

|:(Ris )sample - (Ris )

9%Real_part_interdigi = Z

distilled % 100:| (1 14)

f (Ris )di.rrilled
X, —X. ),
% Imaginary_part_interdigi =) |( - )mple Sy x100 | (1.15)
f (X is )disn'lled

R —\R ).
%Real_part_meander =Z{( w )mm” Le (., )d”"”ed XlOO} (1.16)

f (Rms )distilled
X 3 - XWIY istille
%Imagi_palt_meander=z ‘( i )mm”le ( ‘)d' Tl 100 (1.17)
f <X ms )distilled

Where (Ryy)disiiiea 1S the real part when the sensor is immersed in the distilled
water/mili-q water and (Ryy)sample 1S the real part of the impedance value when the
sensor is immersed in the water sample. (Xyy)gisiiea 18 the imaginary part of the
impedance value when the sensor is immersed in the distilled water/mili-q water
and (Xy)sample 18 the imaginary part of the impedance value when the sensor is
immersed in the water sample. The symbol f represents the frequency.
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1.7 Light Sensing Technology

The measurement of light and light intensity is important for many applications, a
few typical applications include auditorium, lecture theatre, library, forest
canopies, greenhouses monitoring etc. In the presence of sunlight, the
photosynthesis takes place where plants convert carbon dioxide and water into
carbohydrates. Plants use light in the range of 400 to 700 nm. This range is most
commonly referred to as PAR (Photo-synthetically Active Radiation). Monitoring
PAR is important to ensure that plants are receiving adequate light for
photosynthesis. A few light sensors available off-the-shelf which are used for
environmental monitoring applications. Their advantages and disadvantages are
also discussed.

1.7.1 Photometric Sensors

Photometric sensors are designed to measure visible radiation that has spectral
response similar to that of human eye. Some of the applications for photometric
sensor include interior and industrial lighting, outdoor illumination, illumination
engineering and passive solar energy. Figure 1.19 shows a few photometric
sensors commonly available in the market.

Fig. 1.19 Photographs of photometric sensors

The advantages of photometric sensors are: fast response time, highly sensitive,
good stability, excellent linearity, low temperature dependency and small in size.
But the sensors are expensive and they are mostly used to measure indoor lighting
conditions. For environmental applications, PAR and Solar Radiation sensors are
preferred.

1.7.2 Light Dependent Resistors (LDR)

The light dependent resistors (LDR) measure visible light as seen by the human
eye. It is basically a resistor that has internal resistance which increases or
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Fig. 1.20 Pictures of the light dependent resistors

decreases dependent on the level of light intensity impinging on the surface of the
sensor. Figure 1.20 shows pictures of commonly available LDR sensors.

The advantages of LDRs are: comparatively cheap, linear output, fast response,
and small in size. But the LDR sensors are mostly used to measure indoor lighting
conditions.

1.7.3 Pyranometers

A pyranometer is an instrument used to measure the combined intensity of
incoming direct solar radiation and diffuse sky radiation. The sensor is composed
of a silicon photovoltaic detector mounted in a miniature head. It compares the
heating produced by the radiation on blackened metal strips with that produced by
an electric current. These sensors are commonly used for agriculture,
meteorological and solar energy applications. Figure 1.21 shows a typical
pyranometer system to measure the light intensity.

Fig. 1.21 Pyranometers



18 1 Sensors Fundamental

The advantages are: good stability, excellent linearity, fast response, and
accurate. But the pyranometers are bulky and expensive.

1.8 Moisture Sensing Technology

Measurement of moisture content is important in a number of different
applications; agricultural, houses, textiles, packaging materials, electronic
appliances or dry food processing etc. Measurement of soil moisture is useful for
minimizing the amount of irrigation water applied for growing plants and for
optimizing plant growth. Due to the importance of knowledge of the moisture
content of materials, various techniques have been developed to measure it. This
section outlines a number soil moisture detection technologies are available on the
market as well as addresses their advantages and disadvantages.

1.8.1 Frequency Domain Reflectometry (FDR) Soil Moisture
Sensor

Frequency Domain Reflectometry is also referred to as a capacitance sensor. The
sensor probes based on the FDR method of soil moisture measurement employ an
oscillator to generate an electromagnetic signal that is propagated through the unit
and into the soil. A part of this signal will be reflected back to the unit by the soil.
This reflected wave is measured by the FDR probe to predict the water content of
the soil. Figure 1.22 shows typical probe of FDR soil moisture sensor.

Fig. 1.22 Frequency Domain Reflectometry (FDR) Soil Moisture Sensors

The advantages are: fast response, accurate and inexpensive. But the
disadvantage is that the sensor needs calibration with the soil the probes will be
buried in.
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1.8.2 Time Domain Reflectometry (TDR) Soil Moisture Sensor

Time Domain Reflectometry (TDR) sensors work by propagating a pulse down a
line into the soil, which is terminated at the end by a probe with wave guides.
TDR systems measure water content of the soil by measuring how long it takes the
pulse to come back. Figure 1.23 shows typical probe of TDR soil moisture sensor.

The advantages are: fast response and accurate. But the disadvantage is that the
sensor needs calibration which can be tedious and difficult, expensive and they are
easy to corrode.

Fig. 1.23 Time Domain Reflectometry (TDR) Soil Moisture Sensor

1.8.3 Gypsum Blocks

Gypsum blocks use two electrodes placed into a small block of gypsum to
measure the soil water tension. The amount of water in the soil is determined by
the electrical resistance between the two electrodes within the gypsum block.
More water present in the soil will reduce the resistance, while less water will
increase it. Figure 1.24 shows a picture of gypsum blocks.

Fig. 1.24 Gypsum Blocks

The advantages are: inexpensive and easy to install. But the disadvantages are
that they have to be replaced periodically and are sensitive to the saline content of
the salt.
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1.8.4 Neutron Probes

Neutron probes can be used to measure soil moisture content. A probe is inserted
in the ground which emits low-level radiation in the form of neutrons. These
neutrons collide with the hydrogen atoms contained in water, which is detected by
the probe. The more water content in the soil, the more neutrons are scattered back
at the device. Figure 1.25 shows the pictorial representation of the use of neutron
probe to determine moisture in the soil.

[l

Fig. 1.25 Neutron Probes

The advantages are: accurate and fast response. But the disadvantages are that
they are expensive and the users have to be registered with the government due to
radioactive elements used to emit the neutrons.

1.9 Carbon Dioxide (CQO;) Sensing Technology

The Measurement of carbon dioxide, CO, is important in monitoring indoor air
quality and in many industrial processes. Carbon dioxide is one of the most
common by-product of living organisms. The gas itself is safe in low
concentration, however in high concentration it could be life threatening. Two
types of CO, detectors are available to measure CO, level in the environment:
Electrochemical CO, Sensors and Non-dispersive Infrared (NDIR) CO, Sensors.
This section discusses their operating principles as well as addressing their
advantages and disadvantages.

1.9.1 Solid State Electrochemical (SSE) CO, Sensors

Solid state electrochemical (SSE) CO, sensors are used in different applications
which include greenhouse, farming, land fill gas monitoring, indoor air quality
motoring and hazardous area warning signals. They adopt a galvanic structure
with a sodium-ion conducting electrolyte of beta alumina, operating at 450°C.
Carbonate based sensing material is deposited on one side as a sensing electrode
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and counter electrode is attached on the other side as a reference electrode. When
the sensor is exposed to the environment, the sensor will generate voltage outputs
in respect to the level of CO; in the environment. Figure 1.26 shows the picture of
a off-the-shelf available electrochemical CO, sensor.

Fig. 1.26 Electrochemical CO, Sensors

The advantages are: relatively accurate, cheap, real-time sensing, high tolerance
against contaminants and small in size. The disadvantages are: they require a
significant amount of power because they operate at high temperature and need at
least 24 hours of preconditioning before it could be used.

1.9.2 Non-dispersive Infrared (NDIR) CO; Sensors

Non-dispersive Infrared (NDIR) sensors are spectroscopic sensors that are capable
of detecting CO, level in a gaseous environment based on its absorption
characteristic. The key components are an infrared source, a light tube (or a
chamber), an interference (wavelength) filter, and an infrared detector. The gas is
pumped or diffuses into the light tube and the electronics measures the absorption
of the characteristic wavelength of light. NDIR CO, sensor applications include
indoor air quality monitoring, greenhouse farming, gas leak detection, automotive
and flue gas emissions. Figure 1.27 shows the picture of a few off-the-shelf
available Non-dispersive Infrared CO, sensor.

Fig. 1.27 Non-dispersive Infrared CO, Sensors
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The advantages are: low power consumption, fast real-time sensing, high
tolerance against contaminants and small in size. But the disadvantages are that
carbon monoxide often coexists with CO, and absorbs a similar wave-length range
as CO, which results in inaccurate measurement of CO, concentration and
expensive.

1.10 Sensors Parameters

The sensors are the fundamental element for any monitoring, measurement and
control system. There are different types of sensors available and they are to be
properly chosen depending on the applications. For normal household
applications, thermal sensors and humidity sensors are very commonly used. A
few sensors such as strain gauges, accelerometers, temperature, acoustic emission
sensors are very commonly used sensors used for monitoring the health of
structures. Nowadays, the fiber optic based sensor systems are becoming very
popular due to their different advantages compared to other sensors. The selection
of sensors, cost, number of sensors and their placements, protection against
mechanical and chemical damage, reduction of noise, and the collection of more
representative data are the few things considered for sensors used for different
applications. The sensitivity of sensors to moisture and humidity is another
concern, especially when long-term measurement is planned, particularly in a
harsh environment. Special provisions are often needed to protect the sensors in
order to obtain acceptable measurements. Since the sensors are planned to be used
for a long duration, the energy harvesting may also need to be considered. The
sensors considered for health monitoring of structures are usually smart wireless
sensors as wired sensors may not be a cheap and viable option for this type of
applications. The sensors along with signal conditioning in combination with a
microcontroller/microprocessor all come in the same package and can be defined
as smart sensors or smart wireless sensors. Usually the smart sensors have the
ability to compensate for random errors, can adapt to changes in the environment,
can adjust non-linearities to give a linear output, have the provision of self-
calibration and self-diagnosis of fault. The smart sensors have their own standard,
IEEE 1451 so that they can be used in a ‘plug-and-play’ manner. The following
characteristics are very important for the selection of sensors used for different
applications.

1.10.1 Range

It is defined as the limits between which the inputs of the sensor can vary. It is
very important for the sensors used for health monitoring of structures as the
maximum input applied to the sensor may be unknown in many instances. The
sensors should not be damaged at that abnormal condition.
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1.10.2 Sensitivity

In general, the sensors used for any applications should be sensitive enough to
give correct information on the effect of the input signal. The sensitivity is the
relationship between output and input and is also used to indicate about the change
of output to inputs other than being measured, such as environmental parameter
changes. It is desirable that the sensitivity of the sensors to the environmental
parameter changes is ideally zero or should be very small so that it can be easily
neglected. If the effect of environmental parameters is not negligible, a
compensation method may be introduced.

1.10.3 Accuracy

It is a measure of the closeness of the actual output to the ideal output of the
sensor. It is an indication of the extent by which the measurement is wrong. It is
the summation of all the possible errors that are likely to occur and it also depends
on the calibration method. The accuracy may be represented either in absolute
value or may be in percentage of the full range output.

1.10.4 Stability

Typically, the sensors used for any applications are in service continuously over
many years. The sensors should be stable enough to give the same output for a
constant input over a period of time. With respect to stability, a term ‘drift’ is used
to describe the change in output that occurs over time. It is expressed as a
percentage of the full range output.

1.10.5 Repeatability

The repeatability is very important for any sensors especially for the sensors used
for any critical applications. It is the ability to give the same amount of output for
repeated applications to the same amount of input. It is also termed as
‘reproducibility’. The error is usually expressed as a percentage of the full range
output:

Maximum Output (for an input) - Minimum Qutput (for the same input)
Full Range

Repeatability= %100

It is expected that the repeatability of the sensors used for some critical
applications such as Structural Health Monitoring (SHM) should be better than
0.01%.
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1.10.6 Static and Dynamic Characteristics

While the sensors are selected for any applications, the static and dynamic
characteristics of the sensors such as rise time, time constant and settling time
should be looked into for selection. In some situation the slow response of the
sensors may not be very critical for any applications such as the monitoring the
health of structures. While the sensors are subjected to a dynamic input condition,
the response should be free from hysteresis.

1.10.7 Energy Harvesting

The sensors employed for Wireless Sensor Networks (WSN) are used for many
years. So it may be a good idea to investigate some kind of energy harvesting
option so that the sensors will be self-sufficient in terms of operation.

1.10.8 Compensation Due to Change of Temperature and Other
Environmental Parameters

The responses of the sensors are usually affected due to change of ambient
temperature, humidity and other environmental parameters. To reduce the effect of
the external influences, adequate compensation schemes must be included in the
signal conditioning part of the sensors.

1.11 Selection of Sensors

The selection of sensors especially for students starting a project may be a difficult
task and can waste a significant amount of time on searching internet. It is
important to have a good idea on the type of sensors which are necessary for the
desired application so that the specification of the sensor can be checked in the
published datasheet. While a sensor is chosen for a specific application there are
many criterions involved.

Operating Principle: It is very important to have a good idea of the different
operating principles involved of the desired sensors.

Availability: It is very important to know the sources of the suppliers of the
sensors, physical location, delivery schedule, payment options, continuation of
supply etc. can have effect on the projects.

Cost: the actual cost of the sensor itself and the delivery cost involved may be
very useful whether to order a few more number of sensors together.

Performance Figures: The performance figures such as (i) Range, (ii)
Resolution, (iii) Repeatability, (iv) Accuracy, (v) Drift, (vi) Hysteresis effect, (vii)
Ease of use and (viii) Power supply requirements need to be looked into.

Need of frequent calibration: Sometimes it may be important for many sensors
to calibrate frequently.
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Effect of other parameters: It is important to know how the environmental
parameters such as change of temperature and humidity etc change the response of
the sensors.

The above discussion may be used as a guidelines to select sensors.

1.12 Suggested Further Reading

The readers may read the following references for more knowledge and
information.
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Chapter 2
Interfacing of Sensors and Signal Conditioning

Introduction

In this chapter, a few signal conditioning methods to interface analog and digital
signals to processors, microcontroller, microprocessors etc will be introduced. The
readers will get a good idea about different stages required to make an intelligent
sensing and measurement system. The process involves passive and/or active
devices and use circuits such as filters, current-to-voltage converters or vice-versa
and so on. The main purpose of this chapter is to provide some fundamentals of
interfacing the signals obtained from different sensors to be available to the digital
processor for the necessary computation. The digital signal may be directly
connected to a digital input of a processor provided it is within the required
voltage range. The analog signals are usually connected to the Analog-to-Digital
converters of the processor.

2.1 Change of Bias and Level of Signals

In most applications the sensor signals need some form of change of bias and/or
shift of voltage level. For example, the output voltage available from the sensor
may vary from 0.2 V to 1.3 V as a change of the input variable over the entire
range of measurement. When the output of the sensor is connected to a
microcontroller, it may require a voltage level from 0 V to 3.3 V for the same
variation of the input variable.

The required signal conditioning is done by changing the output of the sensor
from 0.2 V to 0 V with the input variable is 0 V. This may be done simply by
subtracting 0.2 V from the output of the sensor. This may be defined as a bias
adjustment or zero shift of the output.

Once the bias adjustment is done, the output of the sensor is now varying from
0 Vto 1.1 V. In order to utilise the full range of 0 V to 3.3 V of the processor, the
signal is multiplied by a gain of 3. This process is known as amplification and the
amplifying factor (3 in this case) is known as gain. In many situations, the output
to the processor need to be reduced, this is known as attenuation. Both the
amplification and attenuation is achieved by the same circuit, known as amplifier.
The gain of the amplifier is more than unity for an amplifier and is less than unity
for an attenuator.

S.C. Mukhopadhyay: Intelligent Sensing, Instrumentation and Measurements, SSMI 5, pp. 29-3]
DOI: 10.1007/978-3-642-37027-4_2 © Springer-Verlag Berlin Heidelberg 2013
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It is important to take note of the frequency response, input impedance and
output impedance while the bias and amplifier circuits are designed.

2.2 Loading Effect on Sensor’s Output

It is useful to understand the loading effect of sensor’s output while designing the
signal conditioning circuit. The voltage measured across the output of the sensor is
the open-circuit voltage. When the sensor is connected to a circuit, the voltage
across the terminals of the sensor drops down to a value and is less than the open-
circuit voltage. This is explained with the help of figure 2.1. The output of the
sensor is represented by the source voltage V. The impedance of the sensor (the
output resistance) is R,. The sensor is connected to a load of resistance Ry,,; which
can be the input resistance of any amplifier or any port pin of the processor.
Under open-circuit condition the output of the sensor is V.

Rs
AN

+ Vout

CV) Ve Ricaa

Fig. 2.1 The connection of sensor to explain loading effect

From the figure 2.1, the output V,,, across the resistance Ry,.4, can be calculated
as

R
Vour = 722 Vs 2.1)
Rs+Rioad
Ve 1
Your _ 1 2.2)
Vs 14—
Rioad

From (2.2), it can be said that the output voltage V,,, will be equal to V; only when
the load resistance R),,; is much larger that the source resistance R;. The effect of
loading can be illustrated with the help of the following example.

Ex 2.1: A temperature sensor provides an output of 1 mV/°C and has an output
resistance of 1 kQ. The sensor is connected to an amplifier of input resistance of 4
kQ. If the gain of the amplifier is 100, find the output of the amplifier for a
temperature of 50°C.

Sol: The simple solution will be as follows:

The output of the sensor at 50°C, is 50 * 1 mV =50 mV.



2.3 Potential Divider 31

The input to the amplifier is 50 mV and the gain is 100. So the output of the
amplifier is 100 * 50 mV =5000 mV =5 V.
But, the above result is wrong. The actual situation is shown in figure 2.2.
The input to the amplifier is given by
Rz -+

s = * =
n R1+R3 s 1+4

* 50 mV = 40 mV.

So, the actual output of the amplifier, Vout = 100* 40 mV = 4000 mV =4 V.

Ry
1k

Amp
vin + Vout
+ I\‘\ e}
V) e q e I/gin— 100
50mv R, =

4k

Fig. 2.2 The representation of the connection of the temperature sensor

2.3 Potential Divider

The potential divider circuit is a common technique used for obtaining a reduced
voltage. With the proper selection of the resistances any voltage can be obtained
which is lower than the input voltage.

The output voltage is obtained with the help of the potential divider formed by
the resistances R; and R, as shown in figure 2.3 and is given by in (2.3):

Ry
+
vin
@
- VOUt
Rz
Fig. 2.3 A simple potential divider scheme
Vout = R2 * ‘/in (23)
R +R

1 2
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Where R; and R, are the divider resistances, V;, is the input voltage and V,,,, is the
desired voltage at the output.

Either of the resistances R; and R, used in the potential divider may represent a
sensor whose resistance varies as a function of the measured variable. A few
issues need to consider while the resistance values for the potential divider are
chosen:

i A current flows continuously through both the resistors and a power will be
dissipated. The power dissipation and consequently the power rating of the
resistors need to be considered.

ii. The output voltage doesn’t vary linearly with the divider resistances.

iii. The loading effect should be considered. The potential divider may be
considered as a voltage source, given by (2.3) in series with a Thevenin’s
resistance. The Thevenin’s resistance is the parallel combination of the two
resistances R; and R,. The equivalent Thevenin’s resistance will be less
than the minimum value of the resistances R; and R,. When the output V,,,
is connected to an amplifier or to any other circuit, the input resistance of
the amplifier should be very large compared to the Thevenin’s resistance of
the divider circuit.

Ex 2.2: In the figure 2.3, the input voltage V;, is 1 V. The resistance R; is a fixed
resistance of 10 k2 and the resistance R; represents a sensor whose resistance
varies from 5 kQ to 15 kQ for the whole measurement range. Determine the
maximum and minimum value of the output voltages and corresponding
equivalent Thevenin’s resistances. How much is the power dissipated in the
sensor?

Sol: Following the (2.3), the output voltage can be calculated as

R2

- 2 0%

out in
R, + R,

The maximum value of the output voltage in volt,

V(qu Max — R2 *Vin = 10 *1= 0666
77 R +R, 5+10

The minimum value of the output voltage in volt,

v R, .y __10
" 15+10

= *1=04
out ,Min Rl + R2

The corresponding values of the Thevenin’s resistances are obtained using
— RIR 2
R +R,
So, the Thevenin’s resistance corresponding to the maximum voltage situation,
_5*10
™5+10

Th

=3.33kQ
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The Thevenin’s resistance corresponding to the minimum voltage situation,
_15*10

- -6 kQ.
™ 15410

The power dissipation in the sensor can be calculated as follows:

During the maximum output voltage condition, the voltage across the resistance
R;is (1-0.666)V =0.333 V.

So the power dissipated at R is = (0.333)*/5 mW = 0.0221 mW.

During the minimum output voltage condition, the voltage across the resistance
R/is(1-04)V=0.6V.

So the power dissipated at R is = (0.6)/15 mW = 0.024 mW.

2.4 Low-Pass RC Filter

It is often necessary to eliminate unwanted noise signals in the sensor’s output
before it is interfaced to processors. This is achieved by using a simple RC circuit,
known as filter. A simple low-pass RC filter is constructed from a single resistor
and a capacitor as is shown in figure 2.4.

The output expression can be written as

1

Vout _  jwC __ 1 _ 1
Vin R+  1+jwRC  1+j% 24)
in JwC jw Jwc
R
O L2 O
Vin C
\]out

O L g O

Fig. 2.4 A simple low-pass RC filter

Where .= 1/(RC) 2.5)

and is known as angular cut-off frequency. The signal passes to the output
terminal without any attenuation for any frequency below the cut-off frequency.
For any frequency above . the signal gets attenuated.

The absolute output-to-input voltage ratio for any signal frequency can be
written as

Vout 1
l vin J A/ )23 (2.6)
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1

Where f. = o/2rn) = Py 2.7)
f: is the cut-off frequency in Hertz (Hz). It is seen from (2.6) that at f = f,, the ratio
of the output to input voltage is 1///2 = 0.707.

The students face the situations of designing a simple RC filter very frequently
with a known critical frequency. The task is to find the suitable values of R and C
to accomplish the filtering performance. The students need to select two
components R and C from one equation (2.7). By following the guidelines, they
can find the values of R and C.

1. First, a standard capacitor in the range of pF to UF is selected.

2. Using (2.7), the resistor value is calculated. It is better that the value of the
resistance is within kQ and MQ range. This is to avoid the loading and noise
problem. If the range is outside the kQ and MQ range, it is better to change
the capacitor value to get the resistance value with the kQ and MQ range.

3. The standard value of resistance can be chosen which is close to the
calculated value.

4. If the design allows some flexibility, the cut-off frequency may be slightly
shifted for the chosen values of R and C. If the cut-off frequency is to be
strictly maintained, the calculated value of resistance may be obtained by
adding a potentiometer in series with a fixed resistance as is shown in figure
2.5.

5. The tolerance value of the capacitor and resistor should be taken into
consideration.

R1
——o0
R2

Vin

-
@)

[ O

Fig. 2.5 A simple low-pass RC filter to achieve the desired cut-off frequency

The following design example will make it clear.

Ex 2.3: A low-pass RC filter is to be designed to attenuate the undesired noise
signal. The range of the useful signal is up to 1 kHz. The filter should reduce the
noise to 1% at 100 kHz.

Sol: From (2.6), we get

1
0l =———5
0.0 [1+(F/ 1?13

We get, 1 + (}’:—C)2 = 10000 Or, (}’:—C)2 = 9999
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As, f=100 kHz we get, f. =1kHz.

By choosing a capacitor, C of 0.1 UF, we can calculate the value of the resistor, R
from (2.7) as

1 1
T2mCf,  2mx0.1¥1076x1000

=1.59 kQ.

A standard value of 1.5 kQ can be chosen. That will make the cut-off frequency as

1 1
fe = 2mMRC ~ 2m#1.5%103%0.1+10°—6

With the cut-off frequency of 1061 Hz, the noise level at 100 kHz will be

=1061 Hz.

Vout| _ 1 _ 1 _
lV,-nJ T O[H(F/f)213 T [14(100%1073/1061)2]% 0.0106.

So, a R of 1.5 kQ and a C of 0.1 UF will do the desired objective.

2.5 High-Pass RC Filter

Sometimes, the requirement may be opposite to a low-pass filter, we may need to
block low-frequency signal but allow the high-frequency signals to the output.
This type of filter is known as high-pass filter. The simple RC high-pass filter is
constructed by swapping the position of the resistor and the capacitor as is shown
in figure 2.6.

c
o |} o
V:
m R Vout
O O

Fig. 2.6 A simple high-pass RC filter

The output expression can be written as

Vour _ R jwRC _ =
Vin R+].wLC 1+jwRC — 1+j5-

(2.8)

Where @, = 1/(RC) and is known as angular cut-off frequency. The signal passes
to the output terminal without any attenuation for any frequency above the cut-off
frequency. For any frequency below @. the signal gets attenuated. When the
frequency is equal to @, the critical frequency, the ratio of V,,/V;, is 0.707.
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The absolute output-to-input voltage ratio for any signal frequency can be
written as

Vout| _ (f/fc)
lvm] T/ for?1d (2.9)

Where f. = 0J/(2m) = — .
2mRC

The following design example will make it clear.

Ex 2.4 A high-pass RC filter is to be designed to attenuate the undesired 50
Hz supply frequency noise. The useful signal is 1 kHz and above. Design the
suitable R and C of the filter so that the 50 Hz signal gets eliminated and the
useful signal is down only by 3 dB.

Sol: In terms of dB, we can write dB =20 log (V,u/Vin)-

Down by 3 dB, means 20 log (V,u/Vin) = -3 which means

Vou! Vin = 107(-3/20) = 0.707.

From (6.9), we have V,,/V;,=0.707 at f=f..

So, the critical frequency of the filter is f. = 1 kHz.

Let us first check the magnitude of the 50 Hz signal at 1 kHz.

Vout| _ (f/fc) _ (50/1000) _ 005
From (6.9), we have lvinJ T HF/f)2E T [14(50/1000)2]3 T 1.001249 0.0499.

So, around 5% of 50 Hz signal is present at 1 kHz. This means that the 50 Hz
supply noise has been reduced by 95%.

For designing the R and C components, we can choose a capacitor, C of 0.01
UE. We can calculate the value of the resistor, R from (2.7) as

1 1
T 2nf.C T 2m+1000%0.01x10%—6

=159 kQ.

A standard value of 15 kQ can be chosen. That will make the cut-off frequency
1 1
as  f. = = 1061 Hz.

2mRC  2m*15%103%0.01x10"—6

2.6 Practical Issues of Designing Passive Filters

A few practical issues need to be considered while passive low-pass or high-pass
RC filters are designed: They are as follows:

1. The product value of RC is given by (2.7). So a very small value of R and a
very large value of C or vice-versa can satisfy the equation. But for practical
consideration, a very small value of R should be avoided from loading
consideration. In a similar way, a large capacitance value should also be
avoided. As a thumb rule, it is better to keep the resistance in kQ and above
and the capacitance in UF and less.

2. Due to the use of filter, the effective input and output impedance of the
circuit gets changed. Sometimes, a voltage follower may be added at suitable
place to avoid the problem.

3. In many situations the exact critical frequency may not be so important. So
the critical frequency achieved by the fixed value of resistance and



2.7 Op-Amp Based Instrumentation 37

capacitance may be good enough. Though the exact value of critical
frequency may be achieved by using potentiometer in series with a fixed
resistance but it increases cost.

4. The use of filter increases the order of the system equation.

2.7 Op-Amp Based Instrumentation

Operational amplifier (op-amp) is very commonly used in many sensor
applications to solve interfacing problems. The description of op-amp, their
characteristics and different schematics are available in any standard book. So we
will not spend time on that. In this book we will describe some schemes which are
commonly used in sensors applications.

We will start with a simple problem.

Ex 2.5 A current sensor of very weak power source provides 10 mV for its full
range. The sensor is to be interfaced to a processor of maximum range of 1.2 V.
Design a suitable op-amp based circuit with schematic diagram.

Sol: A high input impedance non-inverting amplifier is required for this
objective. The op-amp based schematic configuration is shown in figure 2.7. The
sensor is directly connected to the non-inverting input of the op-amp. The input
impedance of this scheme is very high as it is effectively the input impedance of
the op-amp. The output impedance is very low.

The gain = 1.2 V/ 10 mV = 120.

Ri 119k
Ul
Vin from _ Voue
o- + —
sensor
R
1k

Fig. 2.7 A simple high-impedance amplifier with a gain of 120

The output expression is given by,

Yout — 9 4 Ba (2.10)

Vin Ry

This gives R;/R, = 119.
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By choosing, R, = 1 kQ, we can have R; = 119 kQ. Since 120 kQ is a standard
resistance, R; can be chosen as 120 kQ.

2.7.1 Differential Amplifier

The circuit as is shown in figure 2.8 is a very simple scheme to achieve the output
signal which is an amplified version of the difference of the two input signals. The
scheme is based on two pairs of matching resistances R; and R,. Based on the
ideal matching resistances, the output equation is given by

Ry
Voue = —
out RZ

V=V (2.11)

where V; and V, are the voltages of the two inputs with respect to ground.

Ry
V2 R>
oO— N—/ Ul
Vout
>———1_0
V]_ R>
(e

Ri

Fig. 2.8 A differential amplifier

The ratio R,/R, provides the gain of the amplifier. If the resistances are not
properly matched the common mode rejection will be poor. One disadvantage of
the circuit is the low input impedance and the input impedances are not the same
for both the inputs. In order to avoid this problem, voltage followers can be used
on the input to provide high input impedance. The scheme is shown in figure 2.9
which is commonly known as instrumentation amplifier. The instrumentation
amplifiers are characterized with a very high input impedance and a very low
output impedance.

Ex 2.6: A temperature sensor provides an output of 10 mV to 210 mV over its
operating range. Develop a signal conditioning circuit so that the output becomes
0 V to 3.3 V for the operating range. The circuit should offer very high input
impedance.

Sol: Though there is only one input, i.e., only from the sensor, the problem can
be configured by using an instrumentation amplifier. The other input can be
provided from a source to nullify the effect of the offset voltage of the sensor.
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Ry
U3 R
Vs > 2

+
Ul Vout
N o
5 >
Vi NS —
(o]
Ry

Fig. 2.9 An instrumentation amplifier

The schematic representation is shown in figure 2.10. The gain of the amplifier
is 3.3 V/(201-10) mV = 16.5.

From the figure 2.10, it is seen that a voltage of 0.01 V (10 mV) has been
produced from a source. A silicon diode has been used to make a source of 0.7 V.
From which a voltage of 10 mV has been derived using a potential divider. For
more stable voltage a zener diode can be used replacing the silicon diode.

2.7.2 Common Mode Rejection

The differential amplifier amplifies the difference of the input voltages, it does not
depend on the values or the polarity of the individual input voltages. In order to
quantify the performance of the differential amplifier Common Mode Rejection
Ratio (CMRR) is used. The CMRR is defined as the ratio of the differential gain
to the common mode gain.

If the input voltages are V; and V,, the common mode voltage, V., = (V; +
V»)/2 and the differential mode voltage, V, = (V,; - V,).

Assuming the gain of the amplifiers are, A, is the differential gain and A, is
the common mode gain.

Ad

So, the CMRR =

2.12)

com

When the CMRR is expressed in dB, it is defined as the Common Mode
Rejection, CMR.

So, the CMR = 20 log(CMRR) (2.13)
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An ideal differential amplifier should have a very large CMR, typically more than
60 dB. The common mode gain A, should be zero and the differential gain
should be large.

+5V

165k
10k
Ul Vout
—o
= U2 10k >_
Vin from +

sensor
165k

Fig. 2.10 The schematic representation of the solution of Ex 2.6

Ex 2.7 In a difference amplifier, the differential gain, Ay is 100. When an input
of 1.5 V is fed to each input terminal, the output is 2 mV. Find the CMRR and
CMR.

Sol: The common mode voltage, Voo = (1.5+1.5)/2=15V.

The common mode gain, A, =2 mV/ 1.5 V =20%107-3/15.

Then, the CMRR = Ay/A.om = 100/(20%107-3/15) = 100*15%1000/20 = 75000.

And the CMR =20 log CMRR = 20 log(75000) = 20 * 4.875 = 97.5 dB.

2.7.3 Single-Resistance Controlled Instrumentation Amplifier

Ideally, the common-mode gain of an instrumentation amplifier is zero. In the
circuits shown in figures 2.8 and 2.9, common-mode gain is caused by mismatches
in the values of the equally-numbered resistors and by the mis-match in common
mode gains of the two input op-amps. It is difficult to obtain very closely matched
resistors in practice. Though it is possible to build instrumentation amplifiers with
individual op-amps and precision resistors, but are also available in integrated circuit
form from several manufacturers (including Texas Instruments, National
Semiconductor, Analog Devices, Linear Technology and Maxim Integrated
Products). An Integrated Circuit based instrumentation amplifier typically
contains closely matched laser-trimmed resistors, and therefore offers excellent
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common-mode rejection. Typical examples include AD620, MAX4194, LT1167
and INA128. It is possible to control the gain by adjusting the value of one
resistor, Re, as shown in figure 2.11.

The relationship of the output voltage and input voltages is given by the
following equation:

2R3\ (R
Vour = (14 22) () 0 - ) (2.14)
The resistances, R;, R, and R; are within the integrated circuit. The differential
amplifier will have a fixed gain from the manufacturer. But the overall gain of the
instrumentation amplifier can be changed by changing the R,,,. So, the high CMR
can be obtained.

\Y
02= Ry
Ul
N Vout
L o
Rext >
Vi
[e;

Fig. 2.11 Integrated circuit based instrumentation amplifier with one resistor for controlling
the gain

2.8 Current-to-Voltage Converter

In many process control applications the signals are transmitted through long
wires and are usually in the form of current of 4 mA to 20 mA. It is often
necessary to convert the current into voltage and is done using a current-to-voltage
converter circuit as is shown in figure 2.12. For many wired communication, the
current is used to transmit measurement data of the controlled variable to the
receiving end. Current is preferred over voltage as the system becomes less
dependent on load and line resistance. As long as the current is held constant, the
output will be independent to external condition and influences.
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The relationship of the output voltage and the input current is given by,
Vour=- IR (2.15)

A few things must be kept in mind while the current-to-voltage converter is
designed. The current should not exceed the current carrying capability of the
operational amplifier. The output voltage should not reach to the saturation
voltage of the amplifier. Another resistance of R may be connected to the non-
inverting terminal of the amplifier to provide temperature stability to the scheme.

+I R
O-e

> Vout
N L o

=

Fig. 2.12 An op-amp based current-to-voltage converter

2.9 Comparator

The basic communication between an analog signal and a digital signal with a 1/0
answer is a comparator. A comparator as is shown in figure 2.13 compares the two
analog signals available on its input terminals.

Ul
V2 o —~ Vout
Vi J +
O Vour = 1 if Vi > V,
] Vour = 0 or -1 if Vi < V,

Fig. 2.13 The schematic representation of a basic comparator

The comparator will give a HIgh (1) output if the input V; (the non-inverting
input) is larger than the input V, (inverting input). The comparator will provide a
LOw (either O or -1) if the input V, is larger than input V;. Usually one of the
inputs is the reference input and is fixed. The reference voltage is usually derived
from supply potentials and is dependent on the specification of the problem. It is
assumed that the reference input will be maintained constant throughout the
operation. The other input is variable in nature.
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Usually the output of the comparator is the collector of an output transistor of
the integrated circuit (IC). The collector is not connected to any power supply and
is kept open. This configuration is called open-collector output configuration. So,
it should be connected to a supply through a resistance before any output is
observed or measured. Figure 2.14 shows the schematic representation of the
comparator with the connection of a pull-up resistor to derive its output.

+Vg

Pull-up
Resistor

Ul
Vo
o

S———
V1°_I_}‘/
—

Output
o

Fig. 2.14 Comparator with pull-up resistor

The advantage of the open-collector output configuration is that it is possible to
use a different power source with different voltage levels for the output. It is also
possible to connect the outputs of a several comparators in digital OR arrangement
with only one pull-up resistor. This arrangement provides some flexibility.

In many process plants and other applications, the comparator is extensively
used to generate alarm signals or taking some ON/OFF action. If the variable input
is changing fast and it is free of high frequency noise, the above arrangement as is
shown in figure 2.14 works perfectly alright. If the variable input has noise or it
approaches the value of the reference voltage too slowly, the output of the
comparator may switch back and forth between high and low values as the input is
reaching the reference level. This quick transition of the output may create some
detrimental effect on the switch, relay or on the equipment and it is better to be
avoided. To avoid the problem, a hysteresis or dead-band window is provided at
the reference level around which the output changes taken place as is shown in
figure 2.15. A feedback resistor is connected between the output and the reference
input (non-inverting input in the figure 2.15). The purpose is to change the value
of the reference signal depending on the output condition. In absence of the
resistance R,, the value of the reference voltage is V. Usually the value of the
feedback resistance R, is very large compared to the input resistance R;.
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Fig. 2.15 Comparator with hysteresis

The expression of the modified reference voltage, Vrzgr with respect to the V,,,
and the earlier reference voltage, V, can be written as
_Ra R
Ri+R; Ri+R,

Vout (2.16)

VrEF =
Since, R, >> R, the above expression can be approximated as
R
Veer =V + R—i Vout 2.17)

When, V,, is less than V, V,,, is HIgh (1), and the reference voltage is large and the
higher value of the reference voltage is given by,

Vigr = V + i—: Vout (2.18)

Similarly, for V;, is greater than V, V,,,, is LOw (0), and the reference voltage is
lower and the lower value of the reference voltage is given by,

R
Veer 2V - R—: Vout (2.19)

So the lower and higher Vigr gives a reference band. By choosing appropriate
resistance R; and R,, the hysteresis band can be properly designed. For proper
calculation of resistor values, (2.16) is to be used.

Ex 2.8: A hysteresis comparator is to be designed for the following application.
The system is used in a heating chamber with a negative temperature coefficient
thermistor. The heating should be off when the temperature is reached 50°C. The
system should not start again till the temperature falls to 45°C. The thermistor has
a resistance of 10 kQ at 50°C and 11 kQ at 45°C. Assume the comparator works
only with a 5V power supply.

Sol: There can be many ways of designing the hysteresis comparator. One
solution is shown in figure 2.16.
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Fig. 2.16 Design of a hysteresis comparator for heating control application

2.10 A Few Guidelines to Design Signal Conditioning Circuit

Though it is not simple to have a set of guidelines applicable to each and every
design but a few issues should be taken care for a successful signal conditioning
system. If there is a choice of choosing the appropriate sensor, the sensor should
be properly selected for the specified application. The sensor should be selected
based on the criterion discussed in the earlier chapter.

Once the sensor is selected then the signal conditioning circuit is designed and
implemented to interface the sensor to the processor. While the signal
conditioning circuit is designed, the following guidelines are important:

Parameters: This is related to the type of output available from the sensor.
Though the most common form of output is voltage but sometimes, current and
frequency may also be available.

When the sensor is interfaced to a processor (microprocessor or microcontroller
etc.), the Analog-to-Digital (ADC) converter is to be properly chosen. The hybrid
controller may itself be properly chosen if the controller is used in a time-stringent
application. The number of bits in the ADC or the resolution in the ADC
conversion may be very important. Another important characteristic of the ADC is
the conversion time of the ADC. Since the ADC takes some time to convert the
analog input into digital form, the choice of microcontroller and the ADC
converter should be based on the requirement. If there are more than one input to
be converted with the help of multiplexor, this may be more severe requirement.

Ex 2.9: A displacement sensor is to be used to measure motion from 0 to 5 cm.
The resistance changes linearly over this range from 0 to 10 kQ. Develop a signal
condition circuit to provide a linear 0 to 3.3 V output to directly interface to a
microcontroller.
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Sol: An inverting amplifier configuration is chosen as is shown in figure 2.17.
By using the sensor at the feedback path of an inverting amplifier, we have

v, Rs 5.1
= —— % (—
=g (5D

AtR;=10kQ, Vo=33V.
So,R;=(5.1 ¥10)/3.3 =15.15kQ = 15 kQ.

-15v
o Rs Sensor

1k Ul

N Vo
L o
+

R1

+ L

Fig. 2.17 Solution of the example 2.9

2.11 Factors Affecting Performance of Sensors

The performance of a sensor is influenced by many parameters. It is important to
understand which parameters are affecting the performance and how it can be
reduced or nullified. A knowledge of the characteristics of the sensors as a
function of the influencing parameters is useful to design and develop necessary
compensating electronic circuits. It is also important to note the degradation of the
performance of the sensors with time. A common requirement is often heard from
many when something goes wrong as “sensors should be calibrated” or “the
sensor has been calibrated a long time back”. It is important to understand
the requirement of timely calibration of sensors as well as other components of the
system to achieve the overall good performance of the sensing system.

2.11.1 Revisit of the Specification of Sensors

The user or designer selects a sensor based on the specified requirements. The
sensor is chosen by consulting the specification of the sensor provided in the
manufacturer’s data sheet. In this section a re-visit of a few specifications will be
done to emphasis the influence of a few parameters affecting the performance of
the sensor.
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2.11.1.1 Accuracy

For any sensor or any other element related to engineering design, it is expected
that the error should be ideally zero or to a minimum value. The error is the
difference between the actual value of the variable and the measured value. In
practice, it is very difficult to achieve the ideal value. The term accuracy is
specified to provide an idea how much the maximum error can be from a sensor.
The accuracy is defined as, “The ability of a sensor to match the actual value of
the quantity being measured". If in reality, the temperature is 25.0°C outside and a
temperature sensor reads 25.0°C, then the sensor is accurate. The accuracy of a
sensor is actually expressed as the inaccuracy and it can be expressed in different
ways:

1. For many sensors, the accuracy is expressed as a percentage of a full-scale
(FS). For example, for a sensor providing a 5 V FS reading with an accuracy of
+0.5%, there will be always an error or uncertainty of 0.025 V in the output.

2. For many sensors, the accuracy may be expressed as the percentage of actual
reading. If the sensor reads a value of 1 V with an accuracy of +1%, the sensor
would have an inaccuracy of £0.01 V.

3. Sometimes, the accuracy may be expressed as a percentage of the sensing
range. Thus, for a temperature sensor measuring from 50°C to 100°C with an
accuracy of +2% in that range will have an inaccuracy of +0.02 *(100-50)°C =
+1°C.

4. If the accuracy is expressed as an absolute value, for example, the accuracy
of a temperature sensor is +1°C, there would be an uncertainty of +1°C in any
value of temperature measured.

There is one more close term used along with the accuracy, which is precision.
The precision is defined as, "The ability of a measurement to be consistently
reproduced” and "The number of significant digits to which a value has been
reliably measured". If on several tests the temperature sensor matches the actual
temperature while the actual temperature is held constant, then the temperature
sensor is precise. By the second definition, the number 2.1415 is more precise than
the number 2.14.

Ex 2.10 A temperature sensor has a span of 50°C — 250°C. A measurement
results in a value of 75°C for the temperature. Determine the possible readings and
the errors in each case if the accuracy is (a) £0.5% of FS, (b) 1% of reading and
(c) £0.75% of the span.

Sol: From the discussion above, we have

(a) Error = £0.005 * 250 = +1.25°C. Thus the measured temperature may be
anything in the range of 75 £1.25 = 73.75°C to 76.25°C.

(b) Error = £0.01 * 75 = 40.75°C. Thus the measured temperature may be
anything in the range of 75 £0.75 = 74.25°C to 75.75°C.

(¢) Error = £0.0075 * (250 — 50) = £1.5°C. . Thus the measured temperature
may be anything in the range of 75 +1.5 = 73.5°C to 76.5°C.
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2.11.1.2 Overall Accuracy

In many situations, the sensor does not provide any electrical signal directly. It
needs to be connected to an electronic circuit which is known as signal
conditioning circuit to get the electrical output signal. The block diagram
representation can be shown as in figure 2.18.

Input Sensor Signal Output
—> (K) > Conditioning >
C (S) %

Fig. 2.18 Model of sensor for error estimation

The sensor can be represented as a transfer function between the output and
input of the sensor. If the sensitivity or gain of the sensor is defined as K, we have

K = Output of the sensor (2.20)

input to the sensor

For example, for a force sensor, the output is resistance in ohm (€2) and the input
is force in N, the sensitivity K will have a unit Q/N. Similarly, the signal
conditioning circuit may also be represented by another transfer function, S, as is
shown in figure 2.18.

Now, each block will have an error or uncertainty. To analyse the effect of each
and every component in a system, the overall error may be represented as is
shown in figure 2.19.

Fig. 2.19 Model of uncertainty in measurement using sensor

The output can be described as follows:
V+ AV =(K + AK) * (S £ AS) (2.21)

Where, V = Output,
AV = Uncertainty in output,
K and S = Nominal transfer functions,
AK and AS = Uncertainties in transfer functions,
C = Command or the variable.
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Nominal output, V=K*S*C (2.22)

From (2.21) and (2.22), the uncertainty in the output is obtained as,

+AV = +AKSC + ASKC + AKASC (2.24)
) AV AK | AS |, (AK\ ,AS
So, we can write, el tvalis dll = (7) ) (2.25)

It is assumed that the uncertainties with respect to the nominal value is very small,
AK AS
—«1 and -« 1.
K s

So, the last term in (2.25) can be neglected and we have

AV AK | AS
—=t—+— (2.26)
v K s
The (2.26) shows that the worst uncertainty in measurement is the sum of the
individual uncertainties.

From statistical point of analysis, it may be more realistic to use the root-mean-

square representation of system uncertainty. We can write,

= [y by (2.27)

Though the (2.27) provides an overall uncertainty slightly less than the worst-case
value, it more likely reflects the actual value.

Sometimes, statistical analysis improves the measurement accuracy, especially
when random error in measurement occurs. One method is to take many readings
either at the same location or may be in a distributed places depending on the
applications. Then the average of all the readings is taken as the actual value of
measurement. This method improves the accuracy, though at the cost of time.

In real-time on-line measurement, this can be implemented as a moving
window. For example, if the average is based on five readings, readings are taken
as x(n), x(n-1), x(n-2), x(n-3) and x(n-4), x(n) being the latest reading. The
average value is given by,

AV

%4

x(n)+x(n—-1)+x(n—-2)+x(n-3)+x(n—4
Xy = : ) (2.28)

When the new value of data is obtained, all old values are replaced by the new
values by the following manner:

x(n-4) is replaced by x(n-3), x(n-3) is replaced by x(n-2) and so on with the
latest value is x(n).

2.11.1.3 Standard Deviation

Other than average value, sometimes the standard deviation may also be useful to
represent how the individual measurements are spread out about the average. The
deviation of the individual measurement is calculated by:
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d(1) = x(1) - Xgy
d(2) = X(2) — Xgy

gee

d(n) = x(n) - Xgy

where d(1), d(2), .. d(n) are the deviations of individual measurement from the
average value.
The standard deviation is calculated by

2 2 2 2
o= \/d(l) +d(2)2+d(3)2....d(n) (2.29)

n—-1

Ideally, the value of o should be very small for good accuracy. The larger the
standard deviation, the more spread out the measurements data.

Ex 10.2

Find the worst case uncertainty and statistically overall uncertainty for a
sensing system with the uncertainty in the sensor is + 1% and for the signal
conditioning is + 0.5%.

Sol: From (2.26), we get ATV =+
0.005) =+ 0.015
ie. £ 1.5%.

e
K N

= @by =

+ ,/(0.01)2 + (0.005)2 = +0.0111 i.e. 1.11%.

=

+ %) =+ 001+

=

Statistical approach, using (2.27), A7V

Ex 10.3 Temperatures in a room are measured in eight different locations as
10°, 25°, 21.2°, 22.1°, 19.7°, 18.5° 27.1° and 20°C. Find the average temperature
and the standard deviation.
19+25+21.2+22.1+19.7+18.5+27.1+20

8

Sol: T(av) = =21.6°C

The standard deviation is calculated as

j(19 —21.6)2 + (25 — 21.6)% + (21.2 — 21.6)% + ---.. (20 — 21.6)?
0' =
8—1

=3.04°C.

2.12 Effect of Temperature

Temperature is an important factor to consider when dealing with sensors, as
thermal condition may dictate the operating situation. This is especially more
important experimenting with food materials, as the dielectric permittivity of the
food products is a function of temperature. The interdigital capacitive type sensor
was used to determine the fat and protein content in meat in a non-invasive way.
The effective permittivity was calculated from the determination of the impedance
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of the sensor. The impedance of the sensor with meat sample as material under
test (MUT) was measured for a range of temperatures. The experiment was run for
nearly four hours, in which time the temperature of the meat sample changed from
2°C to around 12°C. It can be seen from figure 2.20 that the impedance decreases
with increasing temperature. Around 15 minutes were taken for each sample
during experimentation (experimentation done in a ‘“temperature-controlled”
room), and there was no appreciable change in temperature during this time. So, it
can be concluded that if experiments were conducted in an environment in which
the temperature is not maintained constant, the temperature will play a significant
part in the results obtained.

In order to avoid the effect of temperature on the measurement, temperature
needs to be measured and the temperature compensation should be included.

2.13 Degradation of Sensors

The performance of sensors usually becomes bad and then worse before it is
completely out of action with time. Though the mechanism of the degradation is
different for different sensors depending on the materials the sensor is made of,
their construction, shapes, sizes, and applications. For sensors such as strain
gauges used for measurement of strain or for the solid materials, it can be
explained as follows:

4
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Fig. 2.20 Variation of impedance of the sensor with temperature

For solids consists of billions of atoms, when external force is applied, atomic
spacing is adjusted to render the solid in equilibrium with all external forces acting
on the object. The atomic spacing determines the physical dimension of the solid.
With a change in the applied forces, the atoms in the solid re-arrange themselves
again, to bring a new equilibrium situation with the new set of forces. With this
re-arrangement, a change in the physical dimension takes place which is known as
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the deformation of the solid. While sensors are used to measure stress, strain or
any other such parameters, the sensors are subjected to force on themselves. That
forces may deform or change the physical structure of the sensors. Due to the
deformation the sensors may not be able to respond in the normal way for which it
was designed. This takes place with time of use and the performances of the
sensors degrade with time. For some sensors, depending on the construction,
material properties and applications, it may be possible to bring back the
performance almost equal to the nominal state. But, for most of the situations, the
changes taking place are permanent, the sensors may need to be replaced with new
Sensors.

2.14 Suggested Further Reading

The readers may read the following references for more knowledge and
information.

1. Sen Gupta, G., Mukhopadhyay, S.C.: Embedded Microcontroller Interfacing:
Designing Integrated Projects. LNEE, vol. 65. Springer (June 2010) ISSN 1876-1100,
ISBN 978-3-642-13635-1

2. Saponara, S., Pasetti, G., Costantino, N., Tinfena, F., D’Abramo, P., Fanucci, L.: A
Flexible LED Driver for Automotive Lighting Applications: IC Design and
Experimental Characterization. IEEE Transactions on Power Electronics 27(3), 1071—
1075 (2012)

3. Arcamone, J., Misischi, B., Serra-Graells, F., van den Boogaart, M.A.F., Brugger, J.,
Torres, F., Abadal, G., Barniol, N., Pérez-Murano, F.: A Compact and Low-Power
CMOS Circuit for Fully Integrated NEMS Resonators. IEEE Transactions on Circuits
and Systems—II: Express Briefs 54(5), 377-381 (2007)

4. Goes, J., Paulino, N., Pinto, H., Monteiro, R., Vaz, B., Gar¢do, A.S.: Low-Power
Low-Voltage CMOS A/D Sigma-Delta Modulator for Bio-Potential Signals Driven by
a Single-Phase Scheme. IEEE Transactions on Circuits and Systems—I: Regular
Papers 52(12), 2595-2604 (2005)

5. Hierlemann, A., Frey, U., Hafizovic, S., Heer, F..: Growing Cells Atop
Microelectronic Chips: Interfacing Electrogenic Cells In Vitro With CMOS-Based
Microelectrode Arrays. Proceedings of the IEEE 99(2), 252-284 (2011)

6. Wise, K.D., Anderson, D.J., Hetke, J.F., Kipke, D.R., Najafi, K.: Wireless implantable
microsystems: High-density electronic interfaces to the nervous system. Proc.
IEEE 92(1), 76-97 (2004)

7. Olsson III, R.H., Buhl, D.L., Sirota, A.M., Buzsaki, G., Wise, K.D.: Band-tunable and
multiplexed integrated circuits for simultaneous recording and stimulation with
microelectrode arrays. IEEE Trans. Biomed. Eng. 52(7), 1303-1311 (2005)

8. Kovacs, G.T.A.: Electronic sensors with living cellular components. Proc.
IEEE 91(6), 915-929 (2003)

9. Cho, J.U., Le, Q.N., Jeon, J.W.: An FPGA-Based Multiple-Axis Motion Control Chip.
IEEE Transactions on Industrial Electronics 56(3), 856-870 (2009)

10. Kimball, J.W., Flowers, T.L., Chapman, P.L.: Low-Input-Voltage, Low-Power Boost
Converter Design Issues. IEEE Power Electronics Letters 2(3), 96-99 (2004)



2.14 Suggested Further Reading 53

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Szlavik, R.B.: Strategies for Improving Neural Signal Detection Using a Neural—
Electronic Interface. IEEE Transactions on Neural Systems and Rehabilitation
Engineering 11(1), 1-8 (2003)

Kaigala, G.V., Behnam, M., Bliss, C., Khorasani, M., Ho, S., McMullin, J.N., Elliott,
D.G., Backhouse, C.J.: Inexpensive, universal serial bus-powered and fully portable
lab-on-a-chip-based capillary electrophoresis instrument. IET Nanobiotechnol. 3(1),
1-7 (2009)

Carnieletto, R., Branddo, D.I., Farret, F.A., Simdes, M.G., Suryanarayanan, S.: Smart
Grid Initiative. IEEE Industry Applications Magazine 17(5), 27-35 (2011)

DeHon, A.: Array-Based Architecture for FET-Based Nanoscale Electronics. IEEE
Transactions on Nanotechnology 2(1), 23-32 (2003)

Pienimaa, S.K., Martin, N.I.: High-Density Packaging for Mobile Terminals. IEEE
Transactions on Advanced Packaging 27(3), 467-475 (2004)

Willig, A., Matheus, K., Wolisz, A.: Wireless Technology in Industrial Networks.
Proceedings of the IEEE 93(6), 1130-1151 (2005)

Roussy, A., Karthikeyan, S., Oomen, I., Ortlepp, T., Sujiono, E.H., Brinkman, A.,
Rogalla, H.: HTS Pulse-Stretcher and Second Order Modulator: Design and First
Results. IEEE Transactions on Applied Superconductivity 15(2), 457—460 (2005)
Cérdenas, R., Peiia, R., Pérez, M., Clare, J., Asher, G., Vargas, F.: Vector Control of
Front-End Converters for Variable-Speed Wind-Diesel Systems. IEEE Transactions
on Industrial Electronics 53(4), 1127-1136 (2006)

Mellodge, P., Vendetti, C.: Remotely monitoring a patient’s mobility: A digital health
Application. IEEE Potentials, 33-38 (March/April 2011)

Yin, M., Ghovanloo, M.: Using Pulse Width Modulation for Wireless Transmission of
Neural Signals in Multichannel Neural Recording Systems. IEEE Transactions on
Neural Systems and Rehabilitation Engineering 17(4), 354-363 (2009)



Chapter 3
Wireless Sensors and Sensors Network

Introduction

A sensor is a device that measures a physical quantity and usually converts it into
an electrical signal which can be read by an observer or by an instrument. A
sensor generates an electrical signal related to a physical, biological or chemical
parameter.

A good sensor obeys the following rules:

(6] is sensitive to the measured property,
(>i1) is insensitive to any other property,
(iii) does not influence the measured property.

The wireless sensors are an extension of traditional sensors with advanced
learning and adaptation capabilities. The system must also be re-configurable and
perform the necessary data interpretation, fusion of data from multiple sensors and
the validation of local and remotely collected data. Wireless sensors therefore
contain embedded processing functionality that provides the computational
resources to perform complex sensing and actuating tasks along with high level
applications.

The functions of a wireless sensor system can be described in terms of
compensation, information processing, communications and integration. The
combination of these respective elements allow towards the development of wireless
sensors that can operate in a multi-modal fashion as well conducting active
autonomous sensing. The wireless sensor is used as a sensor node in a wireless
sensor network (WSN) system. In recent times there is a growing trend of using
WSNs in different applications. A few applications are Precision agriculture,
Environment Comfort & Efficiency, Smart Homes, Alarms, Security, Surveillance,
Disaster Management, Health Care, Traffic Management, Transportation Safety, and
Landmine Detection and so on. In fact, more and more new applications of WSN
are reported in recent times.

The block diagram representation of a wireless sensor is shown in figure 3.1.
The sensor is the most important element in this system as the main purpose is to
measure the parameters of interest accurately and reliably over a long period of
time. The sensor is interfaced to a processor as it requires the processing of the
signal available from the sensors. The sensors may need some signal processing
circuit before it is interfaced to the processor through the Analog-to-Digital
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converter and digital I/Os. The processor may need to store some processed or raw
data obtained from the sensor. Finally in order to transmit the data some form of
wireless communication circuit interface is required. The complete block diagram
needs to be implemented with the help of electronic circuits to obtain a wireless
Sensor.

S

E

N ADC/ PROCESSOR

(S) PAC WIRELESS

R DIGIT- COMMUNICATION
ALT/O CIRCUIT

INTERFACE
MEMORY

Fig. 3.1. Block diagram representation of a wireless sensor

The wireless sensors are the most important elements of a wireless sensor
network (WSN). A schematic representation of a WSN is shown in figure 3.2. The
wireless sensor form a node in the WSN and are distributed or deployed over a
wide region to measure different parameters of interest. The measured data are
transmitted either to the neighbouring node or to the coordinator and finally the
data are collected by the central computer.

Fig. 3.2 Schematic representation of a Wireless Sensors Network (WSN)
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3.1 Frequency of Wireless Communication

The wireless sensors communicate data over radio-frequency (RF)
electromagnetic waves. It is very important for the WSN engineers to know the
available radio frequency spectrum for the communication of sensors data.
Usually a range of electromagnetic frequencies are reserved for the industrial,
scientific and medical use and is known as ISM radio bands.

The ISM bands are reserved internationally for the use of radio frequency
electromagnetic energy for industrial, scientific and medical purposes for
communications and other applications. There are many applications in these
frequency bands including radio-frequency process heating, microwave ovens, and
medical diathermy machines. There can be electromagnetic emissions from these
devices which can create electromagnetic interference and disrupt radio
communication using the same frequency, so these devices were limited to certain
bands of frequencies. The ISM bands are given in Table 3.1.

Table 3.1 Frequency of ISM band

Centre
frequency

6.765 MHz  6.795 MHz 6.780 MHz  Subject to local acceptance
13.553 MHz 13.567 MHz 13.560 MHz
26.957 MHz 27.283 MHz 27.120 MHz
40.660 MHz 40.700 MHz = 40.680 MHz

Frequency range Availability

Region 1 only and subject to local

433.050 MHz 434.790 MHz 433.920 MHz
acceptance

Region 1 only and subject to local
acceptance

902.000 MHz 928.000 MHz 915.000 MHz Region 2 only

2400 GHz  2.500 GHz 2.450 GHz

5.725GHz  5.875 GHz 5.800 GHz

24.000 GHz 24.250 GHz 24.125 GHz

61.000 GHz 61.500 GHz 61.250 GHz Subject to local acceptance
122.000 GHz 123.000 GHz 122.500 GHz Subject to local acceptance
244.000 GHz 246.000 GHz 245.000 GHz Subject to local acceptance

863.000 MHz §870.000 MHz 866.500 MHz

The most commonly encountered ISM device is the home microwave oven
operating at 2.45 GHz. However, in recent times, the same ISM band is very
commonly used by the wireless sensors network for Bluetooth, zigbee, WiFi
applications. The selection of communication frequency is very important and it
should be such that is doesn’t need any license to operate in any country.
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Moreover, the interference with similar frequency of communicating signals
should be as small as possible.

3.2 Development of Wireless Sensor Network Based Project

In this section the working experiences of the author will be described in order to
provide a good picture to the readers about the necessary work behind the
development of a successful WSN. The WSN can be simplified as the
combination of two elements, one coordinator and the other is the sensor node,
communicating via wireless medium. The sensor node measures the data
accurately and reliably and transmits the data to the coordinator. The coordinator
receives the data and processes it and does necessary post-processing such as
storage, transmit, taking control action and so on. Usually the sensor node has its
own identification (ID). In WSN, there are many sensor nodes, so the IDs of each
sensor nodes will be different.

3.2.1 Wireless Sensor Based on Microcontroller and
Communicating Device

The first system developed by the author and his group is based on
microcontroller (Si-Lab C8051F020) along with the communicating device BiM-
418-40. The BiM-418-40 is a Radiometrix make miniature low-power UHF
module as is shown in figure 3.3 and is capable of half-duplex data transmission at
speeds up to 40 Kbits/s over distances of 30 meters “in building” and 120 meters
in open ground. The BiM-418-40 operates at an operating frequency of 418 MHz
which is free to use in many countries but it may not be allowed in many countries
too.

Fig. 3.3 Picture of the BiM-418-40

The block diagram representation of the coordinator module based on
Microcontroller and Communicating Device configured on a personal computer is
shown in figure 3.4. The microcontroller is connected to the computer and
communicates through the RS-232 configuration. The connection between the
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microcontroller and the BiM-418-40 is done through the four pins, RX-Select (pin
16), TX-Select (pin 15), TXD (pin 14) and RXD (pin 12). It also needs an antenna
to be connected at pin 2. Of course, the power supply and ground should be
properly connected at the appropriate pins. It is to be noted that the chosen
microcontroller, Si-Lab C8051F020 operates at 3.3 V and the BiM-418-40 needs 5
V power supply for its operation. In the block diagram of figure 3.4, the LED
displays are optional.

Radio Frequency
Module

A EA GA
gl £ 3| 3
IR
\
Power Supply RxLED
5V and 33V
(5V an ) Microprocessor TxIED LED Display
PwrLED _ |
External Transformer gl
%

RS232

Personal Computer

Fig. 3.4 Block diagram representation of the coordinator based on Microcontroller and
Communicating Device configured on a personal computer

Based on the above description a coordinator system has been developed for
the collection of the status of the different household appliances in a home
monitoring system. The status (ON/OFF) of any household appliance is detected
by a wireless sensor. The picture of the developed coordinator cum controller is
shown in figure 3.5.

The communication between the PC or laptop and the microcontroller takes
place through the COM port (RS232 port). A GUI (using any language Visual
Basic, C#, or Java) is to be developed to read data from the RS232, using the
instruction of “serialport”, which has got several methods of handling the data. A
few commands are:

Read Byte: Synchronously reads one byte from the SerialPort input buffer.

Read Char: Synchronously reads one character from the SerialPort input buffer.

Read Existing: Reads all immediately available bytes, based on the encoding,
in both the stream and the input buffer of the SerialPort object.

Read Line: Reads up to the New Line value in the input buffer.

ReadTo: Reads a string up to the specified value in the input buffer.
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Fig. 3.6 The developed GUI for the home monitoring system
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Write(String): Writes the specified string to the serial port.

Write(Byte(), Int32, Int32): Writes a specified number of bytes to the serial
port using data from a buffer.

Write(Char(), Int32, Int32): Writes a specified number of characters to the
serial port using data from a buffer.

Usually C# and Java are the mostly used programming languages to handle
embedded systems, communications application programs. It is possible to store
the data from the readline method to a variable inside the program and then it can
be further stored in a file using file handling mechanisms of the respective
programming language. A developed GUI for the home monitoring system to
communicate with the coordinator is shown in figure 3.6. The detailed method of
data handling has been discussed in chapter 5.

The development of a sensor node consists of similar components except the
computer is replaced by the sensors. A sensor node for detecting an electrical
appliance whether the appliance is ON or OFF is shown in figure 3.7. The sensor
node is used in a home monitoring system to detect the status of an electrical
appliances, bed, toilet, water-use and so on.

Radio Frequency
Module

A SA %A
g & z{;‘: é
v el & N
Power Supply RELED
(5Vand 3.3V) . .
33V Microprocessor AcLLED LED Display
Pwr LED
A
e
AE

Current Transformer
and Circuitry

Fig. 3.7 The block diagram representation of a sensor node based on BiM-418-40
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Based on the above block diagram a sensor node has been fabricated and is
shown in figure 3.8. The system consists of microcontroller, communicating
device BiM-418-40 and associated antenna, current transformer and its associated
electronic circuit for detection of current flow.

Fig. 3.8 Fabricated sensor node for detecting the ON/OFF state of an electrical appliance

The communication protocol between the coordinator and the sensor node is
based on an adhoc protocol. The controller program resides on the PC decides the
communication. Whenever it wants to know the status of a sensor node, it initiates
a command to the coordinator. The coordinator then transmits a request for the
particular sensor node. The detailed steps are shown in figure 3.9. Due to
the individual IDs of each sensor, only the desired sensor will respond. The
communication data involved start byte, ID byte and stop byte while the request is
made. When the data is obtained from a sensor node, it also involves the status of
the device. It is to be noted that the sensor can only send data only when it is
asked to do so by the controller.

There are some disadvantages of using the BiM-418-40 communicating device
to develop a wireless sensor network. The disadvantages are:
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—

It needs a microcontroller or a processor for its operation.

2. It is necessary to have a separate antenna for the communication of data.
Consequently it needs more power and the cost of the system increases.

3. Itrequires a 5 V supply for its operation. This means a separate power supply
is required as the microcontroller operates at 3.3 V.

4. The frequency of operation may not be licensed in many parts of the world.
This means the system developed based on this frequency will not be allowed
to run in many countries.

5. It needs more control for data communication. This will make the system

slow. Moreover, the important data measured by the sensor may not be able

to transmit to the coordinator as the communication takes place only when
the coordinator asks the sensor node to do so.

RF communication protocol
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Fig. 3.9 The communication protocol for the data transfer between the coordinator and
sensor nodes

3.2.2 Wireless Sensor Network Based on Microcontroller and
Zigbee Communicating Device

Due to the above disadvantages of the BiM-418-40 communicating device, it is
decided to develop the wireless sensor network based on a communicating device
which operates at ISM band. In the next development stage Zigbee (also known as
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Xbee) device operates at 2.4 GHz has been used to replace the BiM-418-40. The
block diagram representation of the wireless sensors network based on
microcontroller and zigbee communicating device is shown in figure 3.10. On the
sensor node, the BiM-418-40 is replaced by the zigbee communicating device. On
the receiver end/unit the Xbee co-ordinator receive data from various systems/
units operating at the time and stores the information on a database in the
computer.

Xbee
Co-ordinator

Hit

Computer

oM

Unit 1

Xbee Module Xbee Module

C8051F020 C8051F020 ces

DOES
il

Fig. 3.10 The block diagram representation of WSN with microcontroller and zigbee
communicating device

To connect the XBee module to the Microcontroller only four wires are
necessary. The Power-Supply (3.3V), Ground and TX and RX of the
Microcontroller are connected to VCC, GND, DIN and DOUT of the XBee
module. The figure 3.11 shows pin configuration of XBee module. The Power and
Ground are connected to the corresponding pins of the microcontroller. For serial
communication Port O of the microcontroller is used. Pin 0 is TX and pinl is RX
for UARTO. The UARTOEN bit (XBRO0.2) is set to logic 1, the TX0 and RXO pins
will be mapped to P0.0 and PO.1 respectively. Because UARTO has the highest
priority, its pins will always be mapped to P0.0 and PO.1 when UARTOEN is set to
logic 1. If a digital peripheral’s enable bits are not set to logic 1, then its ports are
not accessible at the Port pins of the device. The crossbar assigns pins to all
associated functions when a serial communication peripheral is selected (i.e.
SMBus, SPI, UART). It would be impossible, for example, to assign TXO0 to a
Port pin without assigning RX0 as well.
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Based on the above discussion a zigbee based sensing platform to measure the
environmental parameters has been developed, the block diagram of the system is
shown in figure 3.12.
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Fig. 3.11 The connection of the XBee with

representation

the microcontroller and its pictorial

A fabricated sensor node based on microcontroller and the zigbee is shown in
figure 3.13. The system measures temperature, humidity, air pressure and light

intensity.
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Fig. 3.12 Block diagram of the Environmental Monitoring System
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Fig. 3.13 Developed Weather Station connected to the C8051F020 Microcontroller

The transmission of the XBee Modules doesn’t provide a checksum or any
other possibility to verify the correctness of the received data. To avoid corrupted
data and to see which station was sending the data an adhoc communication
protocol is needed. The send string for the weather stations contained 27
characters as is shown in figure 3.14. The first three characters are the name of the
station, then each sensor data are separated by a “-* character.

001+00000+00000-00000;00000
~ ~ ~

Address Sensor1 Sensor?2 Sensor3 Sensord

Fig. 3.14 Data Communication Protocol

Each station sends their data every 2 seconds to the coordinator where the data
has to be collected and tested for correctness.

The Graphical User Interface was programmed in C# and captures the serial
communication. The string received as serial data is split into 5 parts (the address
and sensors) and saved in an Access Database. In this stage the GUI also tests the
data for correctness.

The database contains a table in which the different settings for the sensors are
stored. That makes it possible to attach different sensors and to change the
position of the sensor data in the send string. It is also possible to make a
calibration for each sensor, for example to get the better resolution in the
measurement of the environmental parameters. To get the right value of the sensor
the send data must be divided by 100 but in the reality this value may diversify to
get the right value. In the GUI it is possible to display either one or multiple
sensors as is shown in figure 3.15 to give the user the chance to show different
graphs and to compare different stations.
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Fig. 3.15 GUI showing all 4 Sensors of one Weather Station

3.3 Wireless Sensor Network Based on Only Zigbee

It has been realized that there is no need to use a microcontroller in the sensor
node if the node doesn’t need any complex processing capability. The zigbee can
directly collect the sensing data and configure the data to transmit it to the
coordinator. But some steps are to be followed to configure the zigbee for this
application.

The chapter 5 describes in details the necessary connection and programming to
develop a zigbee based wireless sensor network system.
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Chapter 4
Power Supplies for Sensors

Introduction

The electronic components or devices in smart sensors and in sensor nodes of
wireless sensor networks (WSN) require power for normal operation. In recent
times wireless sensors and sensor networks have been widely used in many
applications such as monitoring environmental parameters, monitoring and control
of industrial situations, intelligent transportation, structural health monitoring,
health care and so on. The advancement of electronics, embedded controller, smart
wireless sensors, networking and communication have made it a possibility of the
development of a low cost, low power smart wireless sensor nodes. Recently,
interest in deploying WSN in different areas such as construction monitoring,
security access control, lighting control, HVAC control has increased. Though a
lot of researches are now conducted to minimize the power consumption of the
sensor nodes, it is true with regard to sensor nodes that it requires energy to fulfill
its desired role. Although there are certain situations where mains power might be
available such as the smart homes, hydroponics green house, this will not always
be the case.

The sensor needs power for operations of sensing, data processing and
communication if it is used as a node in WSN. In WSN, most of the energy is
required for data communication than normal sensing and data processing. For a
simple comparison it can be said that the cost of transmitting 1 Kb of data over a
distance of 100 metres is approximately the same as that used for the execution of
3 million instructions by a 100 million instructions per second processor. Usually
wireless sensor nodes are typically very small electronic devices and power
demand is also less, so they are equipped with a limited power source of less than
0.5-2 ampere-hour and 1.2-3.7 volts. Usually, the necessary energy is stored either
in batteries or capacitors. For normal cases, batteries, both rechargeable and non-
rechargeable, are the main source of power supply for sensor nodes. The batteries
are also classified according to electrochemical material used for the electrodes
such as NiCd (Nickel-cadmium), NiZn (Nickel-zinc), NiMH (Nickel-metal
hydride), and lithium-ion. The batteries will get discharged with time due to
normal operation of the sensor nodes, so energy harvesting techniques such as
extracting energy from either solar sources, wind, temperature differences, or
vibration may be exploited to renew their energy or recharge the battery. To
extend the life of the batteries power saving policies may also be used. Dynamic
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Power Management (DPM) conserves power by shutting down parts of the sensor
node which are not currently used or active. A Dynamic Voltage Scaling (DVS)
scheme varies the power levels within the sensor node depending on the non-
deterministic workload. It may be possible to obtain quadratic reduction in power
consumption of the sensor node by varying the voltage along with the frequency.

There are many types of sensors available, they can be categorized into different
groups depending on their operation in terms of power requirements. To extend the
life of operation of the WSNs, it is recommended that it works with passive, omni-
directional sensors. Each sensor node has a certain area of coverage for which it can
reliably and accurately measure the particular quantity for which it has been
deployed. The power consumption takes places in the sensor nodes are: signal
sampling and conversion of physical signals to electrical ones, signal conditioning,
and analog-to-digital conversion. Depending on the applications, the spatial density
of sensor nodes in the field may be as high as 20 nodes per cubic meter.

4.1 Power Sources

In this section we will summarize different power sources available for WSN.
Without power the sensor node or any other electronic based system will not
operate. The powers available in different sources are described below:

4.1.1 Power from Mains Supply

In many applications the situations may allow to feed the sensor and electronics
directly from mains supply. The switch mode regulated DC power adaptor includes
multi-plug output adaptors and selectable polarity being small and lightweight may
be a good choice for many applications. The general purpose power adapters will be
available with the local electronic stores. One of such DC power adaptor is shown in
Figure 4.1 which is available with the DickSmith Electronics (http://www.dicksmith.
co.nz/product/M9926/international-power-adaptor-5-23v).

Fig. 4.1 Switch mode regulated multi-output DC power adaptor
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The power adapter as shown in figure 4.1 can work with an input voltage
variable from 90 V to 260 Volts AC and it has got a set of different DC output
voltages, starting from 3 Vto 12V 3V,45V,6V,75V,9Vand 12 V). If the
size of the power adapter looks big for the particular application, switched mode
power converter may be designed to satisfy the requirements. Different small scale
switching regulators are also available for consideration.

4.1.2 Battery

Batteries are commonly utilized as power sources for sensors especially for WSN
nodes. However, batteries can emit a limited amount of energy before they are
depleted. To address this issue, energy harvesting techniques may be employed.
Energy harvesting allows nodes to replenish depleting energy sources of the
batteries from external sources. Such energy harvesting helps to deal with the cost
and problems associated with replacing and disposing of batteries. Various types
of batteries are investigated in the following section.

4.1.2.1 Selection of Batteries

The selection of battery for a particular application depends on many factors.
Though the availability and cost may be the most influencing factors but other
factors such as size (volume), voltage and Ahr rating, life-time, environmental
impact, memory effect and safety issues may also need to be considered. A few
batteries of different sizes available off-the-shelf are shown in Figure 4.2.

Fig. 4.2 A few batteries available off-the-shelf

Usually two types of batteries are available to use: Disposable batteries (also
known as primary batteries) are designed to be used once and discarded when
depleted. The rechargeable batteries (also known as secondary batteries) are
designed to be recharged and used multiple times. Usually the disposable batteries
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are cheaper than rechargeable batteries. In the following section, a few battery
technologies are described.

4.1.2.2 Alkaline Batteries

One of the most commonly used household batteries is Alkaline Batteries
accounting for 80% of the manufactured batteries in the US. It has an alkaline
electrolyte of potassium hydroxide. The anode (negative terminal) is made of zinc
powder, and the cathode (positive terminal) is composed of manganese dioxide for
an alkanine battery. The nominal voltage of an alkanine battery is 1.5 V, a few of
which can be connected in series for higher voltages. They are well known for
their long shelf life. However, standard alkaline batteries are not suited for use in
high-drain devices and are not rechargeable. There are alkaline rechargeable
batteries, but they are generally of lower capacity and offer fewer recharge cycles
than the other popular rechargeable batteries. One advantage of alkaline batteries
is that in current design neither types contains toxic metals and both types can be
disposed easily as these batteries are classified by the US Federal government as
non-hazardous waste. In the state of California, USA, these batteries are to be
disposed in accordance with the California Universal Waste Rules.

4.1.2.3 Lithium Battery

Lithium battery is another type of disposable battery. Lithium battery has got
lithium metal or lithium compound as anode. There are different materials which
are used as anode and similarly different possibilities for the electrolyte. A few
materials used as cathode are Heat-treated manganese dioxide, Thionyl chloride,
Sulfuryl chloride, Carbon monofluoride, Silver chromate, Copper(Il) oxide,
Copper sulfide, Iron sulfide and so on. Depending on the materials used as
cathode different electrolytes are used, a few are: Lithium perchlorate in propylene
carbonate and dimethoxyethane, Lithium tetrachloroaluminate in thionyl chloride,
Lithium tetrafluoroborate in propylene carbonate, Lithium Perchlorate dissolved
in Dioxolane and so on. Lithium is highly electropositive element. It is possible to
develop very thin batteries using lithium. The specific energy in lithium battery
can be very high compared to alkanine batteries. Though it is possible to get lower
voltages than 3 V, the lithium batteries exhibit a stable voltage profile at 3 V and
higher. Lithium button batteries as shown in Figure 4.3 are very popular in
products such as portable consumer electronic devices. Lithium 9 V battery as
shown in figure 4.3b is very popular for important devices like smoke detectors,
wireless alarm systems, garage door openers etc. They are very reliable and
provide longer life between battery changes and it boast an exceptional shelf life.

(a) (b)
Fig. 4.3 Lithium battery: (a) 3 V button type (b) 9 V type
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4.1.2.4 Lithium-Ion Battery

Lithium-ion batteries are rechargeable batteries. During discharge the lithium ions
(Li+) move from the negative electrode to the positive electrode. Usually, the
positive electrode in Lithium-Ion battery is a metal oxide (may be either lithium
cobalt oxide, a poly-anion such as lithium iron phosphate, or a spinel such as
lithium manganese oxide). The negative electrode is made from carbon, (popular
material is graphite) and the electrolyte is a lithium salt in an organic solvent. The
Lithium-Ion batteries are very popular in consumer electronics and portable
electronics and often used in high-drain devices such as laptops and cell phones. It
has a good power to rate ratio. These batteries are usually recharged in specialized
rechargers where safety requirements such as mandatory protection circuits are
needed and internal protection circuits typically consume 3% of the stored energy.
Figure 4.4 shows popular lithium ion batteries used in mobile phones and laptop
computers.

(a) (b)

Fig. 4.4 Popular Lithium-Ion battery for (a) Mobile phone (b) laptop

4.1.2.5 Nickel-Metal Hydride (NiMH) Battery

Due to harmful effect to environment Nickel Cadmium (NiCd) battery has been
banned in many countries. Though the NiCd batteries are produced in many
countries, the production will go down slowly. One of the alternatives to NiCd
batteries are Nickel-Metal Hydride (NiMH) battery. NiMH battery use positive
electrodes of nickel oxyhydroxide (NiOOH), like the NiCd, but the negative
electrodes use a hydrogen-absorbing alloy. It is easy to dispose of as it does not
contain toxic metals and isn't classed as a hazardous waste item. The
disadvantages of NiMH are less voltage than alkaline batteries. The NiMH comes
in different capacities where high capacity NiMH batteries may not charge
completely in some chargers. Additionally they self-discharge at a high rate. The
shelf-life is short and can be prone to steep drops in power when they are ready to
be recharged.
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4.1.2.6 Lead Acid Battery

Lead acid battery though may not be suitable for sensor applications in outdoor
environment but it is one of the oldest rechargeable battery systems and is known
for being quite economical in price, and rugged. Lead acid batteries are very
popular in automotive applications due to their low cost and can supply high
current required by automobile starter motors. Lead acid batteries should avoid
deep discharges and should be charged more often. It can stay on charge with
correct float charge. A disadvantage is that a deep-cycle battery delivers a 100—
300 recharge cycles before it starts a gradual decline in capacity. Other
disadvantages include size and weight of batteries and the toxic material
contained.

4.2 Energy Harvesting

The sensors especially the sensor nodes used in wireless sensor network need
continuous supply of power. The battery has limited amount of energy storage
which will get depleted with use. This means that the primary or disposable
batteries are not the viable option for the sensor nodes. The energy of the batteries
should be replenished before it gets completely depleted. This tells that the
rechargeable batteries along with some energy harvesting techniques are the only
viable options. Energy harvesting is defined as the process of collecting