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Preface 

I am very happy to present the 7th volume of the popular ‘Advances in Sensors: Reviews’ 
Book Series started by the IFSA Publishing in 2012. Today this open access Book Series 
is a primary sensor review source published for the sensor community. 
 
The very rapid progress in sensor research, applications and technologies are continuing 
during the last decade. Sensors have become one of the most important and widely used 
components in various applications. According to Allied Market Research (AMR), the 
global market of sensors and main types of transducers is poised to grow with a compound 
annual growth rate of 11.3 % until 2022 when the market will reach US$ 241 billion. The 
increasing utilization and penetration of Internet of Things (IoT), coupled with increasing 
automation in vehicles and smart wearable systems for health monitoring, is expected to 
augment the growth of the sensor market over the forecast period.  
 
Today, more and more sensor manufacturers are using machine learning to sensors and 
signal data for analyses. The machine learning and signal data analyses are becoming 
easier than ever: hardware is becoming smaller and sensors are getting cheaper, making 
Internet of things devices widely available for a variety of applications ranging from 
predictive maintenance to user behavior monitoring. To guarantee the steady progress in 
sensor manufacturing and development, the strong connection of sensor industry with the 
academy is necessary. The ‘Advances in Sensors: Reviews’ Book Series is a significant 
tool for such relationship. 
 
The 7th volume entitled ‘Physical and Chemical Sensors: Design, Applications & 
Networks’ contains 12 chapters with sensor related state-of-the-art reviews and 
descriptions of latest achievements written by 34 authors-experts from academia and 
industry from 12 countries: Germany, Hong Kong, India, Mexico, Poland, Portugal, 
Qatar, Senegal, Spain, Turkey, Ukraine and USA. It is my great pleasure to see 
International Frequency Sensor Association (IFSA) members and active participants of 
the annual International Conference on Sensors and Electronic Instrumentation Advances 
(SEIA) among the authors. 
 
The coverage includes current developments in physical sensors (MEMS flow sensors, 
load sensors and gyroscopes); chemical sensors for humidity in gases and anti-cancer 
agents; readout circuitry for various PWM output sensors and transducers; and 
autoconfigurable wireless sensor networks. 
 
This book ensures that our readers will stay at the cutting edge of the field and get the 
right and effective start point and road map for the further researches and developments. 
By this way, they will be able to save more time for productive research activity and 
eliminate routine work. 
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With this unique combination of information in each volume, the ‘Advances in Sensors: 
Reviews’ book Series will be of value for scientists and engineers in industry and at 
universities, to sensors developers, distributors, and users. 
 
Like the first six volumes of this book Series, the 7th volume also has been organized by 
topics of high interest. In order to offer a fast and easy reading of the state of the art of 
each topic, every chapter in this book is independent and self-contained. All chapters have 
the same structure: first an introduction to specific topic under study; second particular 
field description including sensing applications. Each of chapter is ending by well selected 
list of references with books, journals, conference proceedings and web sites. 
 
The new book volume is also published in two formats: electronic (pdf) with full-color 
illustrations and print (paperback). I shall gratefully receive any advices, comments, 
suggestions and notes from readers to make the next volumes of ‘Advances in Sensors: 
Reviews’ book Series very interesting and useful. 
 
 
Dr. Sergey Y. Yurish   
 
Editor 
IFSA Publishing Barcelona, Spain 
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Chapter 1 
CMOS Readout of MEMS Flow Sensors 

Moaaz Ahmed and Amine Bermak1 

1.1. Introduction 

Since, early 1970’s, the semiconductor industry has religiously followed Moore’s law to 
drive the engine of consistent growth and innovation in this sector. By doubling the 
transistor count every 18-24 months and through transistor scaling, one obtains better 
performance to cost ratio of products. This, in turn, has contributed to an exponential 
growth of the semiconductor industry which is now facing the prominance of a new trend 
called “More than Moore” where value addition to the devices is provided by 
incorporating heterogeneous integration of various systems on a single chip to reduce the 
associated cost per function. This chapter present a successful implementation of one 
heterogeneous system where a CMOS readout circuit implemented on a standard CMOS 
wafer is combined with another wafer containing MEMS flow sensor. 

MEMS flow sensors are becoming increasingly popular in a wide range of applications, 
such as drug delivery control, medical ventilators, combustion engines and industrial 
process control. The scope of our project is to build a very compact and low-power flow 
sensor for emerging IOT applications and to replace bulky mass flow controllers. These 
are usually deployed in micro fabrication machines (for instance, reactive ion etching or 
deep reactive ion etching) to measure and control the flow of gasses in a process. Many 
of such processes require very small flows typically measured in standard cubic 
centimetres per minute (sccm). Our target flow range is 0~50 sccm. We also design several 
readout interfaces for the CMOS-MEMS flow sensing platform. First, an integrated 
CMOS-MEMS flow sensor system on chip (SoC) is presented that can sense nitrogen gas 
flow ranging from 0 to 26 m/s (0-50 sccm). The measured sensitivity of our CMOS-
MEMS flow sensor is 35 mV/sccm. Second, we design and successfully characterize a 
bidirectional CMOS-MEMS flow sensor with enhanced flow range  
(-50~50 sccm.) and 3× improved sensitivity (98 mV/sccm) in our revised chip. 

                                                      

Moaaz Ahmed 
Division of Information and Computing Technologies, College of Science and Engineering, Hamad Bin 
Khalifa University, Education City, Qatar 
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This chapter is organized as follows: In Section 1.2, we cover the working principle of 
various types of flow sensors. Section 1.3 presents the mechanism and design of our 
MEMS flow sensor. Section 1.4 describes the CMOS readout circuit details. Section 1.5 
concludes this chapter. 

1.2. Flow Sensors 

A flow sensor is a precision instrument that measures the rate of a fluid flow (liquid or 
gas) in a channel. Flow sensors are being increasingly used in wide array of applications 
including the measurement of patient breath, control of industrial processes, regulation of 
combustion process in a vehicle engine or air propellant, environmental monitoring and 
the control of natural gas distribution among others. 

The development of MEMS (Micro Electro Mechanical Systems) technology has enabled 
the fabrication of miniaturized flow sensors with superior benefits of compactness, lower 
power consumption, and faster response time [1, 2]. In addition to these advantages, the 
micro flow sensors are also becoming integration friendly, cheaper and widely available 
or ubiquitous in our daily lives. This pervasive usage is attributed to better economy of 
scale and manufacturing efficiencies of integrated circuits which made it possible for the 
MEMS products to leverage the ever-efficient fabrication of CMOS integrated circuits. 
Integration of both the transducer and readout electronics on the same chip is becoming 
widely popular paving towards the so-called system-on-chip or SOC [3, 4]. There are 
many demonstrations of thermal flow sensors with readout electronics integrated on the 
same chip [5-12]. 

Based on the transduction principle, gas sensors can be classified into the following types. 

1.2.1. Mass Flow Based Flow Sensors 

Mass flow sensors measure the mass flow of fluids passing through the sensing channel. 
They may be categorized into the following two types. 

1.2.1.1. Coriolis Flow Meters 

Coriolis flow meter’s working principle is based on Coriolis Effect, in which a moving 
mass experiences the Coriolis force acting perpendicular to the axis of rotation and 
direction of motion. The Coriolis flow meter directly measures the mass flow based on 
the deflection force of a gas or liquid moving through a rotating tube. These flow sensors 
are highly accurate with high turndown capabilities, and the measurement is not affected 
by fluid density changes. However, they are costly to purchase and install, and the 
accuracy degrades at very low flow rates. Coriolis flow meters are not suitable for larger 
pipe sizes or places where significant pressure drop can occur in the pipes. 
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1.2.1.2. Thermal Mass Flow Meters 

Thermal flow meters exploit thermal properties of the fluid to measure its flow in a pipe 
or duct. Most thermal flow sensors are used to measure gas flows. Inline flow bodies or 
insertion-style probes are used to support two sensors interfacing with the gas being 
measured. The sensors are resistance temperature detectors (RTDs), consisting of very 
reliable reference-grade platinum windings. As shown in Fig. 1.1, one of the sensors is 
heated via an electronic circuit and functions as the flow sensor, while a second detector 
acts as the reference sensor, and measures the gas temperature. The amplifier feedback 
maintains a constant overheat between the flow and the reference sensor. When the 
flowing gas pass through the heated sensor, the gas molecules transport heat away from 
the sensor thereby cooling the sensor indicating net energy lost. The circuit balance is 
disrupted, and the temperature difference (∆T) between the heated RTD and the reference 
sensor changes. The heater circuit feedback restores the lost energy by heating the flow 
sensor, to maintain the overheat temperature. The heating power required to maintain this 
overheat temperature represents the mass flow signal. 

 

Fig. 1.1. Schematic of the thermal mass flow sensor where constant temperature difference is 
maintained by op-amp feedback. 

The thermal properties of the fluid can change with pressure and temperature. However, 
these variations are usually small in most applications. In those applications where the 
thermal properties of the fluid are known a prior and remain constant during operation 
(for instance, clean gases like air, hydrogen, nitrogen, ammonia etc.), thermal flow sensors 
can be used to measure the mass flow of a fluid because the flow measurement is not 
dependent upon the pressure or temperature of the fluid. 

1.2.2. Velocity Based Flow Sensor 

In a velocity flow meter, the flow is estimated by measuring the speed at multiple points 
in the flow and integrating it over the flow area. Since velocity flow meters work under 
the assumption of constant velocity, they are not accurate for measuring the fluids with 
laminar profile. Fig. 1.2 elaborate the concept of velocity flow sensor.  
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Fig. 1.2. Schematic of the velocity flow sensor. 

1.2.2.1. Ultrasonic Flow Meters 

Ultrasonic flow meters exploit Doppler Effect i.e. the frequency of the reflected signal is 
altered by the velocity and direction of the flowing fluid. As the fluid moves away from a 
transducer, the frequency of the returning signal decreases and vice versa. The frequency 
difference between the originating and reflected frequency is measured and used to 
calculate the speed of fluid flow. These sensors are extremely accurate but prohibitively 
expensive. Pressure and temperature measurement and calibration are also required. 

1.2.2.2. Vortex Flow Meters 

A restriction in a fluid flow creates vortices in a downstream flow. Every restriction has a 
critical speed of fluid flow at which the vortex shedding happens. Vortices happen where 
alternating low-pressure zones are created in the downstream as shown in Fig. 1.3. The 
frequency of vortex generation is a function of gas velocity and independent of fluid 
composition. The flow sensor involves temperature and pressure compensation and 
requires a minimum flow rate to produce vortices. 

 

Fig. 1.3. Schematic of the vortex flow meter. 

1.2.3. Differential Pressure Based Flow Sensors 

Differential pressure flow meters determine flow by measuring the pressure drop over a 
blockage inserted in the flow path. Common types of the differential pressure-based flow 
sensors are orifice plates, flow nozzles, Venturi tubes and averaging Pitot tube. 

1.2.3.1. Orifice Plate Flow Meter 

In the Orifice plate flow meter, the fluid flow is measured through the pressure difference 
from the upstream to the downstream side of a partially constricted pipe. The plate 
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blocking the flow presents a precisely measured obstruction that contracts the pipe and 
forces the flowing fluid to constrict as shown in Fig. 1.4. The orifice plate is frequently 
used for monitoring the flow of natural gas. It measures volumetric flow, not mass flow; 
thus it requires the pressure and temperature compensation to obtain the mass flow. The 
orifice plates are simple and cheap but suffer from poor low-flow sensitivity, limited 
turndown, and significant pressure drop, which affects accuracy. 

 

Fig. 1.4. Schematic of the orifice plate flow meter. 

1.2.3.2. Venturi Tube Flow Meter 

In Venturi Tube, the flow rate is calculated from the pressure difference generated by 
reduction in cross sectional area in the flow path, generating a pressure difference. Beyond 
the constricted area, the fluid is passed through a pressure recovery exit section, where 
some of the differential pressure generated at the obstructed area is recovered. Fig. 1.5 
illustrate the concept of Venturi tube flow meter. With proper calibration, the Venturi 
Tube flow rate can be reduced to one-tenth of its full-scale range with good accuracy. This 
provides a turndown rate 10:1. They are often preferred over orifice plate flow meters for 
low-pressure drop and higher turndown rates. 

 

Fig. 1.5. Schematic of the Venturi tube flow meter. 

1.2.4. Positive Displacement Flow Sensors 

The positive displacement flow sensor measures the flow by precision-fitted rotors as flow 
measuring devices. Predetermined volumes are displaced between the rotors; the rotation 
of which is proportional to the volume of the fluid being displaced. An electronic pulse 
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transmitter counts the number of rotations and calculates the volumetric flow rate. An 
example of a positive displacement meter is the diaphragm meter. The positive 
displacement flow meter is typically employed for nonabrasive fluids such as heating and 
lubrication oils, polymer additives, printing ink, etc. They exhibit high accuracy up to  
0.1 % of the full rate with a turndown of 70:1 or more [13]. 

1.3. MEMS Flow Sensor for Our Application 

Our flow meter is based on a MEMS Thermo-resistive Micro Calorimetric Flow (TMCF) 
sensor. Such type of sensors are usually employed to monitor the laminar flow and show 
the frequency response under 100 Hz (response time in several milliseconds). The CMOS 
readout details are presented in the subsequent sections. Generally, mass flow 
measurement is more suitable for the combustion control (fuel cells control), gas 
consumption analysis, or chemical reaction than volumetric flow measurement. 

In the following subsections, we shall discuss the characteristics of MEMS flow sensor 
and the heater circuit that helps to realize an ambient temperature insensitive TMCF 
sensor suitable for wide range of microfluidic applications. 

1.3.1. Proposed MEMS Flow Sensor 

The MEMS flow sensor design is carried out by our collaborators at the Hong Kong 
University of Science and Technology, led by Prof Yee-Kuen Lee of MAE department. 
Their design incorporates the Wheatstone bridge readout method by arranging the MEMS 
flow sensor as upstream and downstream resistors RU and RD as shown in Fig. 1.6. 
Resistors R3 and R4 may be added off-chip or on-chip to complete the thermistor bridge 
circuit. A heating element placed in the center of RU and RD maintains a constant overheat 
temperature of around 50 K via an amplifier feedback. The flowing fluid (gas or liquid) 
produces distorted temperature distribution around the bridge resistors. 

 

Fig. 1.6. Schematic of our MEMS flow sensor arranged in Wheatstone bridge circuit. 

The flowing fluid produces variations in the value of bridge resistors that unbalance the 
bridge and produce a change in differential-voltage across the bridge. This differential 
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voltage forms the output of the bridge with a maximum amplitude of few millivolts. Since 
this is a weak voltage signal, it is applied at the input of a front-end instrumentation 
amplifier for amplification and signal conditioning i.e. low-frequency errors (offset and 
noise) removal. 

1.3.2. Heater Control Circuit 

A CFD model is built in CFDRC to predict the sensors input (flow) and output (thermal) 
response, which is then used to drive the MEMS and CMOS design considerations. The 
simulation results under the flow velocity of 0 m/s and 1 m/s are shown in Fig. 1.7(a) and 
(b). With zero fluid flow, the temperature profile with respect to the micro heater (Rh) is 
symmetrically distributed as shown in Fig. 1.7(a). During the fluid flow, the temperature 
profiles become asymmetrical as shown in Fig. 1.7(b). With the combined CFD and 
Monte Carlo (MC) analysis, an on-chip Wheatstone bridge is implemented to get a 
consistent sensor response. The sensor output is a week differential signal which is passed 
to the input of an instrumentation amplifier (IA). The Wheatstone bridge parameters are 
listed in Table 1.1. 

 

Fig. 1.7. Simulation results of temperature distribution under input N2 flow of (a) 0 m/s  
and (b) 1 m/s. 

Table 1.1. Design parameters of our MEMS flow sensor arranged in Wheatstone bridge. 

R3 [Ω] R4 [Ω] RU [Ω] RD [Ω] Vref [V] 
1100 1100 550 550 0.5 to 1 

 

The flow sensing resistors are implemented in Moly layer with dimensions of  
350 µm × 54 µm × 6.2 µm. They are drawn with 10 wire segments each one of 3.6 µm 
width to obtain measured resistance of 550 Ω as shown in Fig. 1.8. 
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Fig. 1.8. (a) Layout of the flow sensing and heater resistors, (b) SEM of the fabricated resistors. 

In order to operate the MEMS flow sensor at constant temperature difference (CTD) mode 
(CTD mode exhibit higher sensitivity than constant current (CC) mode), heater control 
circuit is also integrated on chip. The schematics of the heater feedback control system is 
shown in Fig. 1.9, whereas the design parameters of this circuit are listed in table 1.2. 

  

Fig. 1.9. Schematic of the heater control circuit for the MEMS flow sensor. 

Table 1.2. Design parameters of the heater control circuit for the MEMS flow sensor. 

R1,2 [Ω] Rh [Ω] Rr [Ω] Rc [Ω] Roff [Ω] Voff [V] 

5 300 675 
Determined by raise up T 

of heater 
Roff ≫ Rr 0.5 to 1 

 

The value of Rc can be calculated from expression (1.1). For balancing the system, we 
have: 

  = Rh (1 + α∆T)  (1.1) 

For maintaining an overheat temperature difference between heater and sensor resistors, 
DT = 56 K, Moly layer has a TCR of 2.22×10−3. Thus, Rc = 160.65 Ω. The heater resistor 
Rh is implemented in Moly layer with dimensions of 350 µm × 62 µm × 6.2 µmm 
composed of 8 wires, each of width 6 µm obtaining a total measured resistance of 300 Ω. 
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They are designed to carry large heating current and dissipate maximum power around  
5 mW. The expansive sensors (RU and RD) are symmetrically placed besides the heater Rh 
as shown in Fig. 1.8 for the purpose of getting a higher sensitivity to the input fluids flow, 
their centers have a distance D = 32 µm to the heater. 

1.4. CMOS Readout Circuit for MEMS Flow Sensor 

We designed two chips for CMOS MEMS flow sensing applications. The first design is 
based on a simple readout circuit which measures a unidirectional gas flow while the 
second design incorporates a fully-differential three-stage instrumentation amplifier 
which has lower noise characteristics and successfully measures a bidirectional gas flow 
with improved sensitivity. Both designs are discussed in the following subsections. 

1.4.1. First Generation CMOS MEMS Flow Sensor 

Our design incorporates the Wheatstone bridge readout method [13] by arranging the 
MEMS flow sensor as upstream and downstream resistors Ru and Rd along with another 
set of resistors R3 and R4 to complete the Wheatstone bridge circuit as shown in  
Fig. 1.10(b). A heating element Rh physically placed in the center of Ru and Rd, sustains 
a constant temperature difference (CTD mode) via amplifier feedback as shown  
in Fig. 1.10(a). 

 

Fig. 1.10. (a) Heater control circuit; (b) Schematic of the Wheatstone-bridge based flow sensor 

The originality of this work arises from the SoC design perspective whereby a very 
compact, low-noise and low-power flow sensor has been demonstrated. Our design 
circumvents the cumbersome packaging essential for practical flow measurement. On the 
contrary, with the proposed micropackaging (tubes inserted in the inlet and outlet of the 
heterogenous chip), our CMOS MEMS flow sensor with the integrated readout and flow 
channel can easily be tested and packaged. Thus, our SoC enables a truly compact and 
smart flow sensor with fast time-to-market [14]. 

The flow sensor has been discussed in the previous section. The three-dimensional  
cross-sectional view is shown in Fig. 1.11(b). The light blue wafer represents the CMOS 
wafer which contain readout integrated circuit for the MEMS flow sensor which is 
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realized on MEMS wafer shown in light green color. The two wafers are combined by 
Invensense proprietary Aluminium Nitride AlN process [15]. 

 

Fig. 1.11. (a) SEM of CMOS-MEMS flow sensor; (b) A cross-sectional view of the wafer-level 
encapsulated flow sensor with integrated packaging and readout circuit [14]. 

1.4.1.1. Design Considerations for the CMOS Readout Circuit 

As discussed in the preceding section, the MEMs flow sensor has been simulated to output 
a low frequency signal with maximum amplitude around 8 mVpp. To obtain a dynamic 
range of over 10-bits, total input-referred noise at the CMOS readout input must remain 
below 7.8 mV. In general, there are two noise sources at the input. First, the flow sensing 
resistor’s thermal (4KTR) noise. Second, the instrumentation amplifier’s input-referred 
noise containing both flicker and thermal noise components. 

Considering that noise from two sources add as the sum of squares, the individual noise 
contribution from each source should be around 5 µV or less to achieve the required  
10-bit dynamic range. Furthermore, the input-referred offset of the interfacing IA should 
also be less than 5 µV. This means the RMS noise needs to be less than 625 nV within a 
100 Hz band, assuming a noise bandwidth of 100 Hz and an RMS-PP conversion factor 
of 8 [15]. For a 100 Hz bandwidth, this translates to a thermal noise floor of around  
62.5 nV/√Hz and flicker-noise corner under 100 mHz. 

The offset in Wheatstone bridge due to the flow sensor resistor’s inherent mismatch may 
produce a common-mode voltage along with a bias voltage (0.5 V – 1 V). To ensure that 
the common-mode voltage is not be amplified along with the differential signal, the 
common-mode rejection ratio, CMRR of the instrumentation amplifier should be at least 
120 dB. The reference bias voltage of the bridge, shown in Fig. 1.10 as Vref is also kept 
low in order to minimize the current flowing in the bridge to avoid self-heating effects. 
Thus, the common-mode voltage available for biasing the input differential-pair is very 
low (≈ 0.2~0.4) and typically below the threshold voltage of NMOS transistor. 

To solve the design challenges as mentioned above, we choose current-feedback 
instrumentation amplifier [16] topology with PMOS input-pair folded-cascode stage to 
keep the near ground-sensing capability and low flicker-noise characteristics. Fig. 1.12 
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shows the block diagram of proposed CFIA. gm,in and gm,fb represent the input and feedback 
transconductors which convert the input and feedback voltages into corresponding 
currents. There are many benefits of using CFIA over traditional op-amp based 
instrumentation amplifiers. First, CFIA is power efficient because the input and feedback 
transconductors share a common-summing node and output stages. Second, it helps to 
achieve very good CMRR due to current-source isolation and null balancing [17]. Third, 
the input and output common-mode voltages are independent which helps to integrate the 
CFIA with subsequent circuit block such as ADC. 

 

Fig. 1.12. Block diagram of the implemented chopped CFIA with four gain-settings  
of 100, 200, 400 and 800. 

At the summing node of the input and feedback transconductor, the signal current is 
pushed to a cascode stage which amplifies the difference and transfer it through a  
folded-cascode output stage which also convert the differential signal to single ended 
output. The two-stage amplifier is stabilized by a Miller capacitor CM = 2.5 pF. Before 
chopping, the flicker-noise corner was simulated around 20 kHz, and input-referred offset 
was estimated as 6 mV. Chopping the input and feedback transconductors at 50 kHz 
modulate the flicker noise and input-referred offset to the chopping frequency. Another 
chopper is inserted before the output stage which demodulates the amplified signal back 
to the baseband. The chopping action results in the removal of flicker noise and offset 
from the signal band and upconversion of the same to the chopping frequency and its odd 
harmonics. The closed-loop gain of the instrumentation amplifier is given by  
equation (1.2). 

 𝐶𝐹𝐼𝐴 𝐺𝑎𝑖𝑛  ,

,
 (1.2) 

For optimal matching, the input and feedback trasconductors have been designed equal –
in size, such that gm,in = gm,fb and equation (1.2) transforms to: 

 𝐶𝐹𝐼𝐴 𝐺𝑎𝑖𝑛   (1.3) 
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In order to realize multiple gain settings, RA is fixed at 400 kΩ while the gain selecting 
resistance RG is implemented with a bank of four low-value resistors to select between the 
closed-loop gain of 100, 200, 400 and 800. The switching decoder is controlled by a 2-bit 
code provided off-chip such that only one of the resistors among RB, RC, RD or RE is 
selected at a time. 

1.4.1.2. Transistor-level Implementation of CFIA 

The proposed CFIA is implemented in 0.18 µm CMOS process which is supported by the 
InvenSense CMOS MEMS heterogeneous integration. The transistor level schematic of 
the CFIA is shown in Fig. 1.13. The input and feedback transconductors are designed 
identically with same transconductance (gm,in = gm,fb) and mindfully placed using  
common-centroid layout to minimize any mismatch. Transconductors are followed by a 
fully-differential cascode circuit and finally an output stage that is also implemented by 
folded-cascode topology. 

 

Fig. 1.13. Transistor-level schematic of the implemented current feedback  
instrumentation amplifier. 

A Miller capacitor is added between the input and output stages as shown in the figure as 
CM, whose value 2.5 pF was determined based on the following equation: 

 𝐶    , , (1.4) 

where fp2 is the frequency of non-dominant pole which could be designed to obtain a given 
phase margin. For 60° phase-margin, this pole is placed at twice the unity-gain frequency. 
In order to use the 3.3 V power supply to realize higher dynamic range for an off-chip 
ADC, thicker gate-oxide 3.3 V CMOS devices are used. First, we fix the bias current such 
as to consume 70 % current in the input stage (including both transconductors and 
subsequent cascode stage) and remaining current in the output stage and biasing circuitry. 

Fig. 1.14 shows the layout of our instrumentation amplifier. The clock lines are placed 
further and perpendicular to the input and output signal lines over the chopper block to 
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avoid any mismatch or overlap between the two. The layout of complete CMOS-MEMS 
flow sensing chip as implemented with Invensence NF process is shown in Fig. 1.15. Two 
flow sensors were implemented, one for pure-MEMS characterization while the other 
flow sensor was interfaced with CMOS readout. The circular elements depict flow inlets 
and outlets for the MEMS sensor. 

 

Fig. 1.14. Layout of the Current Feedback Instrumentation Amplifier implemented in 0.18 µm 
CMOS process using 3.3 V devices. 

 

Fig. 1.15. Layout of the complete CMOS-MEMS flow sensor implemented  
in InvenSence process. 
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1.4.1.3. Measurement Results 

Post-layout simulations were performed to verify the post-silicon performance of the 
prototype chip. Periodic steady state, PSS and periodic noise analysis, PNOISE were used 
to simulate and analyze the gain and noise characteristics after chopping. As shown in  
Fig. 1.16 the flicker-noise corner is seen below 100 mHz from 20 kHz before chopping 
while thermal noise floor is achieved around 50 nV/√Hz. 

 

Fig. 1.16. Periodic noise analysis showing post-chopping flicker noise corner near 100 mHz  
and thermal noise floor around 50 nV/√Hz. 

The CMOS part measurement setup is shown in Fig. 1.17. The left-hand figure illustrates 
the overall test setup in which are shown the oscilloscope, power supply, and three signal 
generators. The wire-bonded chip on test PCB is shown on the right-side and is powered 
up through on-PCB regulators, decoupling capacitors and jumpers. 

 

Fig. 1.17. CMOS test setup and the InvenSence chip bonded to the PCB. 

The CMOS part was tested by applying differential input signals in the range of 1 mV to 
5 mV. The four gain (100/200/400/800) settings were also tested by adjusting the jumpers 



Chapter 1. CMOS Readout of MEMS Flow Sensors 

33 

on test PCB. Five chip samples were measured and all of them worked fine. The measured 
offset varied between 10 µV to 35 µV. The measured closed-loop gain of the 
instrumentation amplifier was lower (91.3) than expected from simulations (100), as 
shown in Fig. 1.18. The discrepancy is attributed to the large matching error in the  
on-chip gain-setting resistors implemented with PPOLY layer. The general practice is to 
incorporate laser- trimmed accurate resistors using special foundry process or include 
them off-chip at the PCB level to reduce costs. Another design flaw contributed to this 
error as would be explained in the subsequent discussion. 

 

Fig. 1.18. Measured close-loop gain of the instrumentation amplifier. 

Table 1.3 summarizes the measured performance of CFIA design along with a brief 
comparison with the recent work. Note that our offset and noise is quite high when 
compared to other’s work. There are two reasons to explain this. First, we use a modern 
0.18 µm CMOS process with thick gate-oxide transistors which usually exhibit higher 
offsets than standard transistors while other designs are implemented in older CMOS 
processes and exhibit lesser offset at the cost of higher power consumption. 

Table 1.3. Performance comparison of our CFIA with previous work. 

Reference 
Input 

Offset [µV] 
GBW 
[kHz] 

Input noise 
[nV/√Hz] 

Supply current 
[µA] 

NEF 

[18] 3 800 17 290 11.2 
[19] 2.5 630 42 325 29.2 
[20] 3 800 27 1700 43.5 

This work 17 990 92 250 56 
This work 

without buffer 
≈ 5 990 ≈ 55 230 32 

 

After testing the CMOS part, combined CMOS-MEMS flow sensor testing was 
performed. As shown in Fig. 1.19(a), a PCB was designed to support heater feedback 
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circuit and provide bias and clock to the SoC. N2 gas was supplied to the inlet and 
exhausted from the outlet of SoC via PEEK 1542 tubing (diameter = 510 µm) sealed to 
the sensor die with epoxy resin. Fig. 1.19 (b) highlights the inlet and outlet for the gas 
flow on the SEM image of the fabricated die. Fig. 1.19 (c) describes the overall 
measurement setup. N2 gas flow is first directed through a reference flow sensor 
(Honeywell, Inc.) and then passed through our fabricated flow sensor to compare the 
response and performance and finally exhausted in air through the outlet. 

 

Fig. 1.19. The tested sensor chip bonded to the characterization PCB; (b) SEM of the fabricated 
die (c) Flow diagram illustrating the experimental setup for testing the flow sensor SoC. 

Second, we added a buffer opamp at the output of closed-loop CFIA that exhibit quite a 
large offset and noise, since it is neither chopped nor auto-zeroed. Any offset and noise 
added by this buffer would be added after getting divided with the closed-loop gain  
(40 dB) instead of open-loop gain (100 dB) when referred back to the input. Therefore, an 
increased input-referred noise and offset is observed. It was a last-minute addition to drive 
the off-chip oscilloscope probes. The overall CFIA with added buffer was not simulated 
before the final chip sign off. One should never do that! If we remove this buffer op-amp 
from the output, our design becomes quite competitive with other’s work. It would have 
easily achieved around 5 µV offset and 55 nV/√Hz input noise spectral density. In that 
case, the NEF would have been a decent 32. 

The CMOS-MEMS integrated characterization results show good agreement with the 
simulation results, thus validating our design. Fig. 1.20 shows the measured response of 
N2 gas with our SoC. The increase in amplifier’s output voltage with an increase in the 
gas flow rate is clearly observed. Table 1.4 summarizes our SoCs performance 
characteristics and compares with the previous work. 

Our flow sensor demonstrated a high sensitivity of 35 mV/sccm and a good flow range of 
0-26 m/s (0-50 sccm). Also, we achieved a much compact and well-packaged flow sensor 
design that can sense N2 flow under the CTD mode. Besides, we show a competitive 
normalized sensitivity (S* = 5.56) compared to others work. Note that [24] achieved a 
very low-power design and excellent normalized sensitivity of 230 but it is a MEMS-only 
sensor design with no integrated readout circuit. Thus it requires external components for 
electronic interfacing which will consume additional power and packaging costs. 
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Table 1.4. Performance comparison of our flow sensor with previous work. 

Reference Fluid Flow Range [m/s] Power [mW] S* [mV/(m/s)/mW] 
[21] Air 1~25 25  
[22] N2 0.5~40 4 2.3 
[23] Air -11~11 2~452 3.93 
[24] N2 1~25 2.36~2.77 230 

This work N2 0~26 12.1~17.7 5.56 

 

Fig. 1.20. Combined CMOS-MEMS flow sensor testing under the input N2 flow from 0~50 sccm 
(0 ~26 m/s), indicating a good agreement between the simulated and measured responses. 

1.4.2. Second Generation CMOS MEMS Flow Sensor 

In order to improve the flow sensor’s performance, we undertook another chip run. A 
three-stage current feedback instrumentation amplifier (CFIA) was implemented in the 
revised design. The second-generation flow sensor SoC also included a pulse mode heater 
control circuit to reduce the power consumption of heater. 

1.4.2.1. Readout Circuit Design of 2nd Gen CMOS MEMS Flow Sensor 

The first-generation CMOS MEMS flow sensor was simulated to have a maximum output 
of 8 mVpp but the actual output was measured around 2.5 mVpp. Thus, we revised our 
readout circuit design in the second iteration with the aim to also improve the readout 
architecture. Keeping the MEMS flow sensor output at 2.5 mVpp with maximum 
frequency of 20 Hz, the input-referred offset and noise contributed by the interfacing 
amplifier must remain below 2.44 µVpp in total or 1.72 µVpp each, since noise and offset 
from two sources add as the sum of squares. Consequently, to meet the total input noise 
requirement of less than 1.72 µVpp, or 215 nVrms within noise bandwidth of  
π/2 × 100 Hz = 157 Hz, the thermal noise floor should be around  
215/√157 = 17.15 nV/√Hz. It is pertinent to mention that for noise bandwidth; the cutoff 
frequency of 100 Hz is used because we shall employ an off-chip low-pass filter with this 
cutoff frequency to remove any ripple and upband noise. 
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Fig. 1.21 exhibit the block diagram of second generation CFIA which is implemented with 
a three-stage topology. gm,in and gm,fb are the input and feedback transconductors, which 
are duly chopped to remove the offset and flicker noise, followed by a second and third 
stage to achieve a very high DC gain (˃150 dB). The last stage is realized with a class-AB 
driven push-pull amplifier for good driving capacity in a power-efficient manner. 

 

Fig. 1.21. Block diagram of three-stage chopped CFIA. 

Again, for good matching the input and feedback transconductors are designed identical 
and therefore the closed loop gain of this CFIA is given by equation (1.5). 

 𝐶𝐹𝐼𝐴 𝐺𝑎𝑖𝑛   (1.5) 

A master clock is fed to the chip which is divided by an array of several flip flops to a low 
chopping frequency in the range of 20 to 60 kHz. A higher chopping frequency would 
reduce the chopping ripple at the expense of a higher residue offset [25]. 

The three-stage CFIA was also implemented with Global Foundries 0.18 µm CMOS 
technology. The transistor level schematic of the first and output (2nd + 3rd) stages are 
shown in Figs. 1.22 and 1.23. Designed identically, the value of gm,in and gm,fb is kept  
256 µS to ensure excellent matching. The NMOS and PMOS current loads are shielded 
with respective cascode devices to increase the first-stage gain beyond 100 dB. Since our 
design is a three-stage amplifier, nested Miller compensation has been employed to ensure 
stability. Capacitors CM2 of 24 pF are inserted between the input and output stages to 
implement the nested Miller compensation. The output stage itself is a two stage  
class-AB output amplifier which could drive both gain-setting resistive and large 
capacitive load (more than 100 pF) without sacrificing the net open-loop gain. 
Furthermore, cascode Miller compensation [26] is implemented in the output stage to 
reduce power and area with CM1 = 4 pF. 

As the first two stages are both implemented with differential amplifiers (folded-cascode 
topology), the over-all CMRR is the product of each differential amplifier’s CMRR. 
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Typically, single differential amplifier exhibits a CMRR of 70-80 dB, hence the cascade 
of two differential stages should easily achieve a CMRR of 140 dB. 

We used a simple topology for class-AB output stage [27]. As shown in Fig. 1.23, a 
resistor RAB and a capacitor CAB are added to a regular common-source stage to achieve 
class-AB operation without consuming extra bias current. The resistor is implemented 
with a minimum-sized diode-connected PMOS transistor operating in subthreshold region 
(RAB > 100 GΩ), while the capacitor CAB is merely 2 pF. 

 

Fig. 1.22. Schematic of the three-stage CFIA - Transistor-level implementation of only the input 
stage is shown here for lack of space. 

 

Fig. 1.23. Schematic of the two-stage class-AB output. Transistors are numbered in continuation 
of the previous stage shown in Fig. 1.22. 

Under steady-state conditions, the gate voltage of transistor M27 is equal to gate voltage 
of M19-M20. During dynamic circuit operation, when the amplifier’s output voltage is 
slewing, the voltage at the node ‘X’ is subject to a large potential change. Since the 
capacitor CAB can not charge or discharge quickly through a large RAB, it acts as a floating 
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battery and transfers the voltage variations at node ‘X’ to node ‘Y’. This provides  
Class-AB (push-pull) operation to the output stage without consuming additional current. 

In this design, we chose 1.8 V standard transistors for the sake of low power, offset and 
area. Since, gain of the input stage is designed more than 100 dB, the noise and offset 
contribution of subsequent stages are greatly suppressed after dividing with such a large 
gain. Therefore, the input pair M1A, M1B, M2A, M2B, current source transistors M3, 
M4, M9, M10 and the input and feedback choppers form the dominant noise sources. The 
input-referred noise of the CFIA can be written as: 

 , (1.6) 

where vn,1, vn,3, vn,9, vn,inchop, vn,fbchop are the noise voltages of transistors M1, M3, M9, and 
the chopper switches of input and feedback choppers respectively. As mentioned before, 
our design goal is to achieve thermal-noise PSD of 17 nV/√Hz, which is equivalent to a 
noise resistance of 18 kΩ. 

The three stage amplifier is designed to be stable on all process corners by combining the 
Nested Miller Compensation (NMC) technique with the improved cascode compensation. 
To ensure unity-gain stability, NMC requires the following relation to be satisfied [28] for 
a phase margin of 60°. 

   (1.7) 

In this design, we aim for conditional stability at closed-loop gains of 50 (≈34 dB) or 
higher to save power. This is a wise approach since our application requires precision 
closed-loop gains of more than 100. Therefore, equation (1.7) can be relaxed to put a new 
stability constraint as shown below: 

  
 
 ×50 (1.8) 

To further save power, the position of poles may be rearranged. The input-stage 
transconductance gm1 is usually the largest compared to the subsequent stages for 
consideration of low-noise and high gain. The transconductance gm2 and gm3 are kept low 
to save power. According to equation (1.8), CM2 needs to be much larger than CM1, which 
leads to excessive chip area. The simplest way to resolve this issue is to swap the poles 
positions corresponding to gm1 and gm2, which modify equation (1.8) to: 

  
 
 ×50 (1.9) 

Equation (1.9) describes the conditional stability criterion to be satisfied for a reliable 
amplifier operation. The final design parameters for our CFIA are: gm1 = 256 mS,  
gm2 = 26 mS, gm3 = 200 mS, CM1 = 4 pF, CM2 = 24 pF. The simulated open-loop gain and 
phase plot of the three stage amplifier are shown in Fig. 1.24. 
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The amplifier achieves an open-loop gain of more than 180 dB and unity gain frequency 
of 1.1 MHz. As shown in the AC response, the amplifier is stable at closed-loop gain of 
34 dB exhibiting a phase margin of 86°. 

 

Fig. 1.24. AC response of the three-stage CFIA. 

1.4.2.2. Measurement Results of 2nd Gen CMOS MEMS Flow Sensor 

The lab measurement setup for the CMOS readout chip is shown in Fig. 1.25. It consists 
of a metal box which functions as a Faraday cage to shield the chip from ambient noise 
and electromagnetic interference (EMI). Other equipment shown atop the testbench 
include switching power supply, digital storage oscilloscope (Keysight Infinii Vision 
MSO-X 4024A), dynamic signal analyzers (HP 35665A and Stanford Research SR785), 
digital precision multimeter (Fluke 45 Dual Display) and signal generators (BK Precision 
4087 and Keysight 33500B dual waveform generator). 

 

Fig. 1.25. Lab measurement set up for electrical testing of the CFIA. 
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The chips are tested first for CMOS readout functionality and later for combined CMOS 
MEMS flow sensor characterization. Without chopping, the output voltage is saturated 
due to excessive offset. After enabling the chopping action at 31.25 kHz, the worst-case 
offset measured from six samples is 4 µV as shown in Fig. 1.26. This is mainly attributed 
to the residue offset caused by the mismatched parasitic capacitance. 

 

Fig. 1.26. Measured offset histogram of six samples after enabling chopping at 31.25 kHz. 

The measured output noise spectrum for the CFIA (chopping enabled) is shown in  
Fig. 1.27. Although the ripple reduction loop is activated, still the residue chopping ripple 
is quite significant with input-referred value of around 5 µVpp. However, this would be 
suppressed by the sampling action (inherent low-pass filtering) of the subsequent ADC. 

 

Fig. 1.27. Measured output noise spectrum from 256 Hz to 102.4 kHz (CFIA gain = 200). 

Fig. 1.28 shows the measured output noise spectrum ranging from 125 mHz to 50 Hz. The 
flicker noise corner is clearly seen under 400 mHz, which is hard to measure accurately 
because the amplifier’s offset is smeared out by the window function of dynamic signal 
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analyzer (SR785). In this case, the CFIA being configured with a closed-loop gain of 200, 
the input-referred noise PSD can be estimated as 15 nV/√Hz. 

The measured power consumption of the chip is (150×1.8) = 270 µW as the CFIA only 
consumes 150 µA current and achieve an input noise PSD of 15 nV/√Hz which 
corresponds to NEF of 7. Table 1.5 summarizes the measured performance of our CFIA 
along with brief comparison with recent work. Our design exhibits an excellent NEF 
which is the lowest among all references. Also, for fair comparison, PEF (power 
efficiency factor) is also computed to consider the supply voltage used by multiplying 
VDD with NEF squared. Our design achieves PEF of 281 at 1.8 VDD which is almost 
three-times lower compared to the next best design. This power efficiency is attributed to 
a systematic gm/ID based design methodology and efficient frequency compensation 
technique compared to others. 

 

Fig. 1.28. Measured output noise spectrum from 125 mHz to 50 Hz (CFIA gain = 200). 

Table 1.5. Performance comparison of our CFIA with previous work. 

Reference 
Input Offset 

[µV] 
GBW 
[kHz] 

Input noise 
[nV/√Hz] 

Supply current 
[µA] 

NEF PEF 

[29] 5 800 15 230 8.8 387.2 
[30] 6.5 630 42 325 29.2 2814 
[20] 3 800 27 1700 43.5 5677 
[31] 11.7 990 50 250 30.5 3070 
[32] 1.78 225 62 27.7 12.5 281 

This work 4 1150 15 150 7 88.2 
 

The new CMOS readout chip is interfaced with previously design CMOS-MEMS first 
generation flow sensing chip to determine the combined flow sensor response. As shown 
in Fig. 1.29, another test PCB was designed to support the heater feedback circuit and 
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provide bias and clock to the SoC. N2 gas was supplied to the inlet and exhausted from 
the outlet of SoC via PEEK 1542 tubing (diameter of 510 mm) sealed to the sensor die 
with epoxy resin. This experiment follows the same test setup as explained before  
in Fig. 1.19. 

 

Fig. 1.29. Measurement Setup for characterizing the CMOS-MEMS flow sensor to get  
the combined response. 

Fig. 1.30 illustrate the measured response of our first-generation MEMS flow sensor 
interfaced with new CMOS chip. Compared to Fig. 1.20, this response has both higher 
flow range (can detect bidirectional flow) and better sensitivity. In fact, an absolute 
sensitivity of 98 mV/sccm and a normalized sensitivity of 15.6 mV/(m/s)/mW have been 
achieved which are around 3X higher than our first-generation flow sensor described in 
Section 1.4.2. Since, the interfacing CFIA has very low input-referred noise, we can also 
achieve a very small value of minimum detectable flow value (MDFV). 

 

Fig. 1.30. Combined CMOS-MEMS flow sensor testing under the input N2 flow  
from 0~100 sccm (-26 m/s to 26 m/s), indicating improved sensing range and sensitivity  

with better readout circuits. 
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When the flow sensor is in operation, the flowing gas also introduce convection currents 
which are attributed to the density fluctuations in the fluid due to temperature gradients. 
In practice, the flowing gas when passing through the heater element expand by receiving 
heat and becomes less dense. It rises and causes the surrounding cooler gas to move and 
replace it. This cooler gas is then heated and the process continues, forming a convection 
current which is a kind of noise for its stochastic nature. 

We also measured the noise PSD of our flow sensor SoC under running N2 flow of  
4.8 sccm as shown in Fig. 1.31. The measured output noise PSD is 72 µV/√Hz which 
gives RMS noise of 0.36 mV in 25 Hz sensor BW. The SoC system noise which 
determines the sensor measurement accuracy is mainly determined by the Wheatstone 
bridge resistors (which form the flow sensor whose temperature is coupled with the heater) 
and the interfacing IA. Therefore, the noise power spectral density PSDN of the readout 
circuit can be expressed as: 

 𝑃𝑆𝐷    𝐺 𝑉 , 4𝑘𝑇𝑅 (1.10) 

 

Fig. 1.31. Measured output noise PSD of the SoC under input N2 flow of 4.8 sccm. 

Here, G is the gain, VIA,n is the input-referred noise of instrumentation amplifier, R is the 
equivalent resistance of Wheatstone bridge and 4kTR is the thermal noise of the sensor. 
The integration of root mean square (rms) noise of the sensor SoC can be determined as: 

 𝑉    𝑃𝑆𝐷 ⋅ 𝑑𝑓 (1.11) 

Now, all four resistors of the Wheatstone bridge are at room temperature except the heater 
Rh functioning 56 K higher than the room temperature; we shall take the average T for the 
four resistors as 300 K. Considering the one-sigma probability, the Minimum Detectable 
Flow Velocity (MDFV) in a measurement bandwidth of 25 Hz can be estimated [33] as: 
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 𝑀𝐷𝐹𝑉  , (1.12) 

Here, S is the sensitivity measured in V/(m/s). Similar to equation (1.12) we can also 
compute another parameter of a flow sensor, i.e. resolution Vres, defined as the minimum 
change in detectable input flow and expressed in terms of the equivalent noise flow 
velocity [34] as: 

 𝑉    (1.13) 

From equations (1.12) and (1.13), the MDFV and resolution for our SoC are calculated as 
3.82 mm/s and 7.64 mm/s respectively. 

Table 1.6 summarizes our SoCs performance characteristics and compares with the 
other’s work. Our flow sensor has successfully demonstrated a high sensitivity of  
98 mV/sccm and a large flow range of -26~26 m/s (-50~50 sccm). Our SoC also achieved 
a bidirectional flow sensing capability making it a reliable flow sensor in addition to being 
a compact and well-packaged design. Furthermore, we show a competitive normalized 
sensitivity (S*) of 31.2 which is the highest compared to other designs. Wei presented a 
better flow sensor design but without integrated readout and packaging [24]. The MDFV 
in [24] and [14] are lower but computed at zero flow condition. Issa [37] reported a very 
good MDFV of 0.8 mm/s but their sensor exhibits lower sensitivity and flow range. Also, 
they used 1 Hz sensor BW to estimate the minimum detectable flow but with slow 
response time. One can lower the achievable resolution and MDFV by reducing the sensor 
BW at the cost of slow response time. 

Table 1.6. Performance comparison of our flow sensor with previous work. 

Reference Fluids 
Flow Range 

[m/s] 
Power 
[mW] 

S* 
[mV/(m/s)/mW] 

MDFV 

[35] Air 0 ~ 26 9.4 0.936 N/A 
[34] N2 -3.3~ 3.3 4 2.3 N/A 
[36] Air 0.5 ~ 40 2 ~ 452.6 3.93 N/A 
[24] N2 -11 ~ 11 2.36 ~ 2.77 230 0.6 
[37] Air 0 ~ 0.02 N/A N/A 0.8 
[14] N2 0 ~ 26 12.1 ~ 17.7 5.56 1.43 

This work N2 -26 ~ 26 6.1~8.9 31.2 3.82 
 

1.5. Conclusion 

We present a detailed overview of micromachined flow sensors, along with their 
classifications based on different working principles. Afterwards, we discuss the 
implementation details of two CMOS MEMS flow sensor chips as an example of 
heterogenous wafer integration for the emerging More-than-Moore technologies. First, 
we describe a CMOS MEMS flow sensor which can sense N2 flow ranging from 0 to  
20 m/s (or 0-50 sccm). The measurement results show that our first-generation flow sensor 
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system on chip (SoC) achieve a good sensitivity of 35 mV/sccm and a normalized 
sensitivity of 5.56 mV/(m/s)/mW. During the testing phase, we discovered some flaws in 
the readout circuit and therefore designed another chip. The improved readout 
performance of our second chip is verified by combining the new chip with first 
generation CMOS-MEMS flow sensor. Measurement results demonstrate that the new 
CMOS-MEMS flow sensor achieve 3X better sensitivity and enhanced bidirectional flow 
range compared to our first generation CMOS MEMS flow. In addition to this, we also 
measured the noise PSD of our SoC under gas flow for better estimation of the minimum 
detectable flow value (MDFV) and resolution of our flow sensor. The flowing gas may 
introduce forced and natural convection which increases the noise at the output and hence 
negatively affect the sensor resolution. In our case, the measured MDFV and resolution 
of the second generation flow sensor is estimated to be 3.82 mm/s and 7.64 mm/s 
respectively. 
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Chapter 2 
Vehicle’s Axle Load Sensors in Weigh-in-
motion Systems 

R. Sroka, P. Burnos and J. Gajda1 

2.1. Background 

Weigh-in-Motion (WIM) is a technology that can be used for weighing objects in motion. 
In particular, it is used to weigh cars, trains and other vehicles subjected to the control of 
the permissible axle load and gross weight [1]. Like other Intelligent Transportation 
Systems (ITS), WIM systems are installed on the road, rail track or on a vehicle itself. In 
this chapter we will focus only on the sensors designed for road vehicles. 

The ASTM (American Society for Testing and Materials) in the specification [2] defines 
vehicle weighing in motion as: “the process of measuring the dynamic load forces of the 
wheels of a vehicle in motion and estimation of the corresponding static loads”. 

Typical Weigh-in-Motion system includes three basic elements: a set of 2 or more lines 
of axle load sensors, inductive loops for vehicle detection and signal processing unit with 
implemented algorithms. WIM’s allow to estimate static axle load, the gross vehicle 
weight (GVW) and other vehicle parameters e.g. vehicle class, speed, number of axles, 
distances between them, etc. Axle load sensors of such systems are embedded directly in 
the pavement of the road, perpendicular to the direction of the traffic flow. A schematic 
representation of such system and it picture is shown in Fig. 2.1. 

Such construction of the WIM systems allows for the weighing of vehicles in motion 
without the need to stop them and makes the control effective because each vehicle 
passing over the WIM site is weighed. This is the advantage of the WIM system as 
compared to static scales, and the lack of additional constraints on vehicle speed is 
considered to be the most attractive feature. Unfortunately this is achieved at the expense 
of the low accuracy of weighing results, which is the drawback of WIM systems [3, 4]. 
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Fig. 2.1. The exemplary structure of the typical HS-WIM system and picture of WIM site. 

Regardless of the sensor technology, WIM systems can be divided into: 

Low – Speed WIM (LS-WIM) – allow vehicles to be weighed in motion but only at very 
limited speed, usually below 10 km/h. The objective of this limitation and the specific 
structure of the weighing site is to reduce the adverse effect of the axle load dynamic 
component on the accuracy of weighing results. Such scales are built into pavement of a 
specially prepared weighing site (a flat, horizontal, hard- surfaced area) which should be 
located outside the roadway. 

High – Speed WIM (HS-WIM) – The most popular WIM systems. Allow weighing a 
vehicle in traffic lane without limiting its speed. Owing to this solution the whole process 
is automated, each vehicle travelling on a given road section is checked and, consequently, 
the weighing effectiveness is much higher than that in LS-WIM systems or static weigh 
sites. HS-WIM systems have been extensively used since 1980s. Usually they include two 
lines of axle load sensors (see Fig. 2.1). 

Multi-Sensor WIM (MS-WIM) – These types of systems contain more than two lines of 
axle load sensors [5, 6]. This allows to collect larger numbers of axle load samples and 
more accurate estimation of static component of axle load. The concept of MS-WIM was 
developed concurrently in the United Kingdom and France in the beginning of the 1990s 
[7, 8]. Fig. 2.2 shows an example structure of a MS-WIM system. More on this subject 
will be discussed in the next section. 

In addition to the ones listed above, other, less popular WIM systems are also in use, such 
as: Bridge WIM systems (B-WIM), On-Board WIM (OB-WIM) and Rail WIM [1]. 
Bridge WIM is a special type of weighing system integrated with bridge structure.  
On-Board WIM instrumentation is installed on a vehicle and it is an integral part of the 
vehicle. Hence such a system is referred to as “vehicle self-weighing”, and the weighing 
process is continuously performed when the vehicle is either in motion or stationary. Rail 
WIM is designed for weighing trains and the structure of such a system is thus specific. 
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Fig. 2.2. The exemplary structure of a multi-sensor (MS-WIM) system. 

In this chapter, we will focus on axle load sensors installed on the road in HS-WIM and 
MS-WIM. But as any Intelligent Transportation Systems, also WIM systems are often 
equipped with other sensors, depends on the end-user needs. Therefore, the classic WIM 
system may also be equipped with: temperature sensors (to compensate temperature 
effects in the pavement), cameras including ANPR (automatic number plate recognition), 
LIDAR sensors for automatic vehicle identification, and more. The equipment of the WIM 
system with a set of sensors makes it possible to measure not only the mass of vehicles 
but also a number of parameters related to road traffic [9]. 

Basic properties of WIM systems include: 

Advantages: 

 Essentially no limitation of the weighed vehicle velocity; 

 No need to stop the inspected vehicles; 

 Ability to perform long-term statistical surveys determining the portion of overloaded 
vehicles in the stream of vehicles; 

 Low cost of performing measurements, and also of building a WIM site (compared to 
static scales and the costs of repair of destroyed pavement). 

Disadvantages: 

 Limited and vary measurement accuracy compared to the static scales; 

 Strong influence of the pavement temperature on the sensor/pavement complex 
regardless of the sensor type; 

 Limitation to the role of measurements for preselection and statistical purposes. 
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Currently, work is underway related to the development and implementation of documents 
describing the principles and methods of certification of WIM systems. This would allow 
to apply WIM systems for direct mass enforcement. Such work was undertaken in 
Hungary, in the Czech Republic, in the Netherlands and in Poland and results are 
presented in [4, 10-13]. 

The main cause of inaccuracy of WIM systems is the fact that it is a process of estimation 
of static loads on the basis of dynamic measurements, when the contact of the measured 
object with the sensor is instantaneous (the tire have contact with sensor for several 
milliseconds for medium range of vehicle speeds). Therefore, any disturbance that can 
occur in this short period of time will have a substantial influence on the value of the 
obtained estimate. The second important reason for weighing errors in WIM systems is 
their high sensitivity to changing operating conditions such as temperature, wind, 
atmospheric precipitation, icing, etc. [14, 15]. 

2.2. Principle of Axle Load Sensors 

Due to the road surface roughness and dynamic of moving vehicle, axle load on the 
pavement is not constant but varies along the travelled distance [16]. Therefore two 
components can be distinguished in a moving vehicle’s wheel load on the pavement: the 
static component and the dynamic one. The first is caused by gravitation and can be 
determined for a stationary vehicle. All regulations concerning permissible loads refer to 
this component. The second, dynamic component, occur when a vehicle is in motion, 
depends on the road quality, vehicle's speed and the condition of its suspension. The 
frequency structure of such signal comprises two dominant frequencies (see Fig. 2.3): the 
first is associated with the vehicle body mass (the so-called sprung mass) and is contained 
within the interval 1-4 Hz, the second one is associated with the suspension and wheels 
mass (the so-called unsprung mass) and is contained within the range of 8-12 Hz. 

Consequently, only the instantaneous axle load value p(t) is measured in WIM systems by 
axle load sensors (compare Figs. 2.1 and 2.3). This may significantly differ from the static 
load P0. The accuracy of weighing results can be improved by limiting the impact of the 
axle load dynamic component, which is the major cause of weighing errors. This result 
can only be achieved by guaranteeing a smooth pavement surface at the WIM site, vehicle 
speed limitation and by collecting a larger numbers of axle load samples  
(MS-WIM systems). 

A crucial element of every WIM system are the load sensors, because their properties and 
installation means, as well as quality strongly influence the properties of the whole 
weighing system. Axle load sensors are embedded in the pavement perpendicular to the 
traffic flow direction. Thus a part of the road became a part of the measuring system. 
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Fig. 2.3. The signal of an instantaneous wheels load of a goods vehicle at the speed of 80 km/h 
and the spectrum of the signal dynamic component (after removing the dc component). 

Nowadays in WIM systems, sensors made by four different technologies are used [17]: 

 Piezoelectric (polymer or ceramic); 

 Quartz; 

 Bending plate; 

 Capacitive. 

One promising technology is fiber-optic. 

From the point of view of the installation method, WIM sensors are divided into two 
groups: 

 Sensors installed in a small cut in the pavement at a depth of 2 to 10 cm depending on 
the sensor type (Fig. 2.4a). In this case, the sensor does not have direct contact with 
the vehicle wheel and the axle load is transmitted to the sensor by the pavement and 
installation grout (which is used to fill up the cut). Polymer and piezo-ceramic sensors 
are mounted in this way. 

 Sensors installed in a cut in the pavement on the level of the pavement surface  
(Fig. 2.4b-d). In this case, the sensor has direct contact with the vehicle wheel. Quartz, 
strain gauge, capacitive and fiber-optic sensors are mounted in this way. 

Regardless of the mounting method, the fulcrum for the sensor is the pavement. In the 
case when the sensor is installed under the road surface, the wheel load is transmitted to 
the sensor by the pavement and installation grout. Thus the pavement plays an important 
role in the measuring process [18]. This is an unusual situation because the pavement, 
which is a part of the road, becomes a part of the weighing system. In this way, the 
pavement properties affect the properties of the whole WIM system and influence the 
accuracy of the weighing results. 
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(a)                                                       (b) 

  
(c)                                                       (d) 

Fig. 2.4. (a) Polymer sensor installed below the pavement surface; (b) Quartz sensor installed  
on the level of the pavement surface; (c) Strain gauge sensor installed on the level of the 
pavement surface; (d) Capacitive sensor installed on the level of the pavement surface. 

Fig. 2.5 presents the scheme of pavement/sensor complex response under a vehicle’s 
wheel load. Regardless of the WIM sensor construction, the measurement signal is 
induced in the sensor by stresses applied on its top and fulcrum. 

 

Fig. 2.5. Scheme of stress effects on the WIM sensor installed inside the pavement structure. 

If the sensor is installed at the pavement surface level (quartz or strain gauge sensors), the 
action vertical stress is approximately equal to the contact stress applied by the tyre. In 
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the case of sensors mounted under the road surface, the stress value applied to the sensor 
top is not equal to the tyre contact stress because this stress is transmitted by the pavement 
and installation grout. The ratio between action and reaction stresses is not constant, which 
results from the stress distributions inside the pavement structure. This is an undesirable 
feature and occurs in polymer sensors. 

The problem with the high and stable accuracy arises from the specific properties of WIM 
systems, where a complex of load sensor/pavement is a part of a measurement system. 
Taking into account the above considerations, the weighing errors are related to two kind 
of errors: 

 Sensor intrinsic error – related to the change in the sensor’s electrical parameters under 
the impact of temperature change. 

 Pavement/sensor complex external error – which is a combination of the sensor 
intrinsic error and additional errors which occur after the sensor installation in the 
pavement. The source of these errors is the pavement, as its properties depend on the 
temperature and duration of force applied by the vehicle wheel on the pavement/sensor 
complex. This error reach 40 % for polymer and 7 % for quartz and strain gauge 
sensors [18]. 

The problem with the accurate weighing of vehicles in motion ensues from the high value 
of the pavement/sensor complex external error [15]. Preliminary research shows that three 
factors have a significant influence on the pavement/axle load sensor complex and thus 
the weighing result accuracy: 

 Changes in pavement temperature. 

 Duration of forces applied to the pavement/axle load sensor complex, dependent, in 
turn, on the speed of the vehicle being weighed. 

 Stress on the tyre-pavement contact area, which depends on wheel force values. 

2.3. Types of Axle Load Sensors 

A large group of sensors used in WIM systems utilizes the simple piezoelectric effect. 
This effect, discovered in 1880 by Pierre and Jacques Curie, consists in generation of 
electric charge on the surface of a dielectric under the influence of external mechanical 
stresses. A characteristic property of this effect is the linear relationship between the 
generated electric charge and the applied force. There also exists a dependence of the sign 
of the generated charge upon the direction of the acting force. This effect is observed in 
materials of crystalline structure, having no center of symmetry, which are divided into 
ceramic and polymer piezoelectric materials [19]. The piezoelectric effect is the most 
strongly present in ferroelectrics, also called piezoceramic materials, which include e.g. 
barium titanate, potassium phosphate, etc. The piezoelectric effect is also present in 
tourmaline and quartz crystals, which do not belong to ferroelectrics, but have strong 
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resistance to the influence of external factors and are stable in time. The most popular 
piezoelectric materials in WIM sensors are polymers and quartz. 

2.3.1. Polymer Sensors 

Piezoelectric polymer load sensors are a cost-effective solution. The material used in this 
kind of sensors is a polymer discovered in late 60s, called polyvinylidene fluoride (PVDF) 
[19]. This material exhibits piezoelectric properties after performing an appropriate 
shaping procedure in the sensor production phase. It is subjected to strong electric field at 
a temperature near the Curie point (for PVDF it is +135 C). At this temperature the 
mobility of dipoles in the material is highest and they become ordered in accordance with 
the direction of the applied external electric field. After cooling down to room 
temperature, the polymer transforms into an anisotropic body exhibiting some required 
piezoelectric properties. 

Such sensor consists of an interior electrode surrounded with a layer of piezoelectric 
material and an exterior electrode in the form of metallic braid or special metallic section 
(Fig. 2.6) [20]. Sensors made in this technology are in the form of a piezoelectric 
concentric cable or flat tape with a width of around 16 mm encased in a metal jacket. The 
construction of the sensor and the method of its installation cause that the sensor reacts 
not only on vertical but also on the horizontal stresses generated in the pavement. This is 
a source of distortion of the measurement signal and reduction of weighing  
results accuracy. 

 

Fig. 2.6. Construction of a piezoelectric sensor in the form of concentric cable. 

In order to minimize the influence of horizontal stresses, such sensors are embedded in 
special metallic sections or shaped as a flat tape (Figs. 2.4a and 2.7) installed under the 
pavement surface [21]. One of the manufacturers of such sensors is currently TE 
Connectivity (in past Measurement Specialties Inc.). 

In solution showed in Fig. 2.7, vehicle wheel has no direct contact with the sensor and the 
measurement signal is transferred by the pavement material. This causes the weighing 
results to be very sensitive to changes of pavement properties under the influence of 
changes in its temperature [15]. It is one of the main reasons for the low accuracy of results 
obtained in WIM systems equipped with this type of sensors. 
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Fig. 2.7. Piezoelectric sensor in pavement before installation. 

The other most important properties of polymer load sensors are [21]: 

 Very high sensitivity; 

 High sensitivity to horizontal stresses, which leads to distortion of the measurement 
signal; 

 Average durability (up to 40 million of equivalent single axle load); 

 High sensitivity to temperature changes after installation in the pavement (sensor 
internal sensitivity approx. 0.2 %/C); 

 Measurement of time-variable loads only (correct operation at vehicle speeds in the 
range of 20110 km/h); 

 High variability of sensor sensitivity versus its length (up to ± 7 % for sensors of class 
I and ± 20 % for sensors of class II); 

 Loss of sensor sensitivity under the long-time influence of high temperature and 
mechanical impacts; 

 Declared range of operating temperatures: -40  +70 C; 

 Manufactured in versions of length 2-5.5 m; 

 Due to the size, little intervention in the pavement at the stage of installation. 

Polymer axle load sensors have poor metrological properties. The accuracy of weighing 
is low (10 % for GVW and 20 % for axle load) and what is worse this accuracy changes 
over time. This significantly limits their use in modern WIM systems. The most attractive 
feature of this kind of sensors is their price which is few time lower than for other sensors. 

2.3.2. Quartz Sensors  

In this type of sensors, piezoelectric element is the quartz crystal. It is placed in a specially 
shaped aluminium section as shown in Figs. 2.4b and 2.8. Sensor is installed in a cut, on 
the level of the pavement surface thus the sensor has direct contact with the vehicle wheel. 
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This special design of the sensor makes it react only to the vertical stresses, which is 
desired feature. Slot cut in the pavement should be dry and free from dirt. 

 

Fig. 2.8. Quartz sensor. 

The most important metrological properties of quartz sensors include [22]: 

 Very high vertical sensitivity (measuring range 0-15t) and long-term stability of sensor 
sensitivity (± 2 % in a period of 30 months); 

 Minimum horizontal sensitivity; 

 High durability (10 years life span); 

 Medium sensitivity to temperature changes after installation in the pavement; 

 Measurement in a wide range of vehicle speeds (2-150 km/h); 

 Low variability of sensor sensitivity versus its length (± 2 %); 

 Good linearity of sensor static characteristics (error less than 1 % of the sensor 
operating range); 

 Declared range of operating temperatures from -40 °C to 80 °C and negligible 
pyroelectric effect, i.e. polarization generated as a result of temperature changes, 

 Very low quartz leakage conductance (through resistance approx. 1011 ), which 
allows measurements at very low vehicle speeds and permits sensor calibration in 
quasi-static conditions; 

 Low sensitivity to electromagnetic interference. 

Quartz sensors have good properties from the point of view of their application in WIM 
systems. Limited sensitivity to temperature changes and long-term stability of sensor 
parameters justify their application in systems requiring high accuracy of weighing 
results. System equipped with quartz sensors reach 5 % accuracy for GVW and 7 % for 
single axle. Application of quartz sensors is also justified by their life time, estimated by 
the manufacturer to approximately 10 years. Installation of such sensors is relatively fast 
and simple. Unfortunately they are characterized with a rather high price. Currently, the 
only manufacturer of such sensors is Kistler and Q-Free. 
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2.3.3. Strain Gauge Sensors 

Strain gauge sensors are in the form of plates mounted in the rigid frame fixed in the 
pavement. This kind of sensors consist of several strain gauges that measure strains 
(deformation) of the metal bar (plate) under the axle load of moving vehicle (compare  
Fig. 2.4c). The phenomenon used in this sensors is changing the conductor or 
semiconductor resistance as a result of relative change of the sensor dimension. This 
phenomenon, called the strain gauge effect, was discovered in 1856, and has been used in 
measurements since 1937. Presently it is used for measurement of many non-electric 
quantities (force, pressure, torque, etc.), which can be turned into strain of the element on 
which a strain gauge is installed. Several types of strain gauge are used to measure strain. 
These include piezoresistive gages, piezoelectric gages, fiber optic gages, birefringent 
film and materials and moire grids [19]. 

Depends on the construction sensors may be distinguished: 

Load cells – in this case strain gauge are mounted on the construction elements of the 
sensor and measure the vertical forces transferred from the wheel to the sensor steel plate 
and then to the frame of the sensor. For example load cell manufactured by IRD contains 
load transfer torque tubes which transfer all loading on the weighing surface to the load 
cell, which is mounted centrally in the scale. 

Bending plate – in this sensors a bit different approach is used to determine vehicle 
weight than in load cells. The plate itself is instrumented with strain gauges to measure 
the strain in the plate as a tire or axle passes over. An example of the bending plate sensor 
is  
in Fig. 2.9. 

 

Fig. 2.9. Bending plate sensor during installation. 

Scales of this type can operate as stationary or portable devices and are used both in static 
or low-speed measurements and in HS-WIM systems. 

The metrological properties of strain gauge sensors include: 
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 Very high vertical sensitivity (measuring range 0-15t) and long-term stability of sensor 
sensitivity; 

 No sensitivity to horizontal stresses; 

 Very high durability (10+ years life span); 

 Low sensitivity to temperature changes after installation in the pavement (sensor 
internal sensitivity is compensated); 

 Minimal variability of sensor sensitivity versus its length; 

 Good linearity; 

 Wide range of operating temperatures from -30 °C to 50 °C; 

 Static and low-speed measurement possible. 

Static and low-speed scales achieve accuracy at the level of 12 %, and are used for direct 
enforcement of overloading. Detectors for HS-WIM systems achieve accuracy 
comparable to quartz sensors on the level of 5 % for GVW and 7 % in the case of single 
axle load measurement. Bending plate and load cells sensors has high durability and 
resistance to weather conditions. Designed for operation at vehicle speeds most often in 
the range of 5200 km/h. The maximum load for this type of scales (depending on the 
model) reaches 15÷22.5 tons/axle. 

A disadvantage of load sensors of this type is a very large intervention in the roadway 
surface, a long time of installation (and thus closing the road) and high costs (higher than 
in the case of quartz sensors) [27]. 

An important advantage of strain gauge sensors, caused by the scale length in the traffic 
direction (0.35 m), is their ability to average the interfering influence of the variable 
component of the axle loads. Due to the fact that these sensors also measure forces which 
are constant in time, they are often used in static or low-speed scales (Fig. 2.10). 

 

Fig. 2.10. A bending plate sensor in low-speed WIM system (Source: Central Office  
of Measures, Mass Laboratory [24]). 
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A relatively new, different in terms of construction, is the proposal of Intercomp. Overall 
dimensions and installation method corresponding to the quartz sensors (its dimensions 
are 7×7.5 cm). It operates correctly to the speed of 130 km/h in the temperature range of 
-40÷80 C. 

The strain gauges are also very often used in instrumented bridge systems designed for 
weighing vehicles in motion [25]. 

2.3.4. Capacitive Sensors 

The basic elements of these sensors are electrodes made of a conducting material, 
separated from each other with a dielectric material [23]. The load-bearing element is an 
aluminium section which transfers the axle load to the sensor. Thus capacitive sensors 
belongs to the group of load cells. The construction of such sensor can be compared to a 
flat capacitor with movable electrodes (Fig. 2.4d). 

The load imposed by the vehicle wheel on the top of the sensor causes a change of the 
distance between the capacitor electrodes, and thus a measurable change of its 
capacitance. Capacitive sensors are constructed in the form of platforms of width from  
10 to 50 cm, installed in the roadway surface, or as portable mats (Fig. 2.11). They have 
similar properties as quartz sensors. An advantage of these sensors, related to the relatively 
high width, is their ability to average the dynamic component of the vehicle axle load. 
Sensors of this type are often used in low-speed scales LS-WIM. 

 

Fig. 2.11. Portable capacitive sensor at a low-speed weighing station. 

The essential properties of capacitive sensors include [17]: 

 No significant reaction to horizontal stresses; 

 Low temperature sensitivity; 

 Measurement of both static and dynamic loads (static measurements and calibration 
are possible); 
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 Low variability of sensor sensitivity versus its length (± 2 %); 

 Good linearity. 

However, from the authors’ experience it follows that capacitive sensors have low 
durability and get damaged quickly, especially in adverse weather conditions (snow, frost, 
salinity, snow removal devices). A large intervention in the roadway surface is necessary 
during installation. Presently they are rather seldom used in HS-WIM systems. 

2.3.5. Fiber Optic Sensors 

A relatively new group of sensors in application for dynamic vehicle weighing are fiber 
optic sensors [19]. Although first attempts to use such sensors were described in the 90's, 
commercial applications have been recorded since about 2015 [26, 27]. Fiber optic sensors 
utilize the phenomenon of changing the propagation conditions of a light wave inside a 
waveguide under the influence of external force. The optical fiber is placed in a protective 
housing which also transfers the load. Sensors of this type are installed in a slot milled in 
the roadway surface. An example of construction and installation of fiber optic sensor is 
presented in Fig. 2.12. 

 

Fig. 2.12. Cross-section of a roadway profile with a fiber optic sensor installed. 

Due to the principle of operation, fiber optic sensors are divided into [19]: 

 Based on the amplitude (power) suppression – they suppress the intensity of the 
luminous flux under the influence of the measured medium. Sensors operating on this 
principle usually work at a wavelength of 850 nm; 

 Polarization-based – utilize the phenomenon of changing the light wave polarization 
angle under the influence of mechanical stresses in the optical fiber. The source of light 
is a laser, and the photosensitive elements are photodiodes connected with a signal 
conditioning system; 
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 Interferometric – in which the signal phases in two branches (measurement and 
reference) are inferred from changes in the parameters of the measurement branch 
subject to the influence of the measured quantity; 

 Utilizing the Bragg effect – sensors with wave transformation, in which the wavelength 
of light on the output changes under the influence of the measured quantity. 

The main properties of fiber optic sensors are as follows: 

 High sensitivity to vertical load (about 10 % change in light intensity at load from the 
average size of a passenger vehicle); 

 High mechanical durability (long service life), corrosion resistance, reliability and 
repeatability of obtained results; 

 Low sensitivity to temperature changes (in the range -40  +80 C); 

 Measurement of both static and dynamic loads (static measurements possible); 

 High resistance to electromagnetic interference, (including atmospheric discharges) – 
systems with such sensors can be mounted near high voltage lines or railway traction; 

 Slight invasiveness to the road surface during installation; 

 Can be used on stations that do not have an electric power supply (signal from the 
sensor can be transmitted by a fiber-optic cable at a distance of several kilometers from 
the measuring point). 

Application of these sensors in WIM systems is still during intensive research, and a first 
commercial solutions for such sensors are currently offered by, for example, the 
companies: Cross (for vehicle speed above 10 km/h) and IWIM (for vehicle speed  
5÷50 km/h). 

2.4. Comparative Study 

In this section, we will present a comparison of the properties and features of previously 
presented WIM sensor technologies. We will also present the results of our own research 
on selected sensor technologies related to the effect of temperature and vehicle speed on 
the accuracy of the weighing results. 

Axle load sensors constitute a crucial element of WIM systems and their metrological 
properties influence the properties of the whole system. Due to diversified properties of 
sensors, the criteria for their evaluation and selection should be multidimensional and 
must include at least: 

 Speed range of the weighed vehicle; 

 Target accuracy of the WIM system; 

 Operational temperature range; 
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 Method and frequency of sensors calibration; 

 Traffic volume at the weighing station; 

 Price; 

 Installation costs; 

 Costs of system maintenance and operation. 

Table 2.1 contains a summary of advantages and disadvantages as well as accuracy and 
working life of axle load sensors used in WIM systems. 

Table 2.1. Comparison of properties of load sensors utilized in WIM systems. 

Technology Advantages Disadvantages Accuracy 
Working 

life 

Polymer 
sensors 

Low price  

Low accuracy of weighing 
results, 
High sensitivity to 
pavement temperature 
changes, 
Reliable measurement 
above the speed of 20 km/h 

Low 2 years 

Quartz 
sensors 

High accuracy of 
weighing results, 
Medium sensitivity to 
pavement temperature 
changes, 
Measurement in a wide 
range of vehicle speeds 
(quasi-static 
measurements possible) 

High price of sensors, 
Medium installation costs, 
Installation requires an 
medium intervention in the 
pavement 

High 
up to 10 

years 

Strain gauge 
sensors 

High accuracy of 
weighing results, 
Low sensitivity to 
pavement temperature 
changes, 
Measurement from  
0 km/h (static 
measurements possible) 

High price of sensors, 
High installation costs, 
Installation requires an 
major intervention in the 
pavement 

High 10+ years 

Capacitive 
sensors 

Medium accuracy of 
weighing results, 
Portable sensors, 
Measurement from 0 
km/h (static measure-
ments possible) 

Portable sensors are fragile, 
Well visible to drivers  

Medium 10 years 

 

It should be noted that the system maintenance and operation costs in some cases can 
exceed the purchase costs of load sensors. For example, quartz sensors, and especially 
polymer sensors require frequent periodical calibration. The cost of single calibration 
reaches a few thousand of US dollars. A summary of properties and costs is presented in 
Table 2.2. 
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Table 2.2. Summary of properties and costs. 

Technology Accuracy 
Speed range 

[km/h] 
Sensor 
price 

Installation 
cost 

Operation 
cost 

Polymer sensors Low 20-110 Low Low High 
Quartz sensors High 2-150 High Medium Medium 
Strain gauge High 0-120 High High Low 
Capacitive sensors Medium 0-120 Medium High Medium 

 

From the characteristics presented in Fig. 2.13, a few conclusions can be formulated: 

 WIM sensors are temperature and speed sensitive, regardless of the sensor technology. 

 Polymer sensors have the worst properties and should not be used for direct 
enforcement purposes. For this type of sensor, a temperature change caused a change 
in the weighing error of approximately 40 %. 

 In the case of quartz and bending plates sensors, a temperature change within  
the range 4 °C to 40 °C produces – as an effect – a change in the weighing error of 
approximately 3 %. 

 Weighing results for the same vehicle travelling at speeds of 55 km/h and 85 km/h 
differed by 6 % for polymer sensors, by 4 % for quartz sensors and by 1 % for bending 
plate sensors. 

 WIM systems are more sensitive to pavement temperature changes than to the vehicle 
speed changes. Nevertheless, speed effects cannot be neglected in light of the use of 
WIM systems for direct enforcement purposes. 

 

         (a)                                                                (b) 

Fig. 2.13. Comparison of quartz, polymer and bending plate technology due to the influence  
of: a) changes in vehicle speed; b) changes of road surface temperature. 

2.5. Summary 

Axle load sensors have been under development for more than 50 years. The development 
of technology made it possible to utilize piezoelectric materials on a large scale and to 
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construct accurate quartz sensors. Research on fiber optic sensors have been performed 
since the 90s and, although commercial products are available on the market, they have 
not been widely applied. It should be expected that the main emphasis in the future will 
be put on development of sensors of even better metrological properties, intended for use 
in direct enforcement systems [6]. The future sensors should also be characterized by high 
reliability and long working life as well as parameter stability and resistance to interfering 
factors. This, in turn, will make it possible to limit the costs related to maintenance and 
calibration of the weighing system. Another trend related to development of WIM sensors 
consists in fusion of data received from sensors of various physical quantities in order to 
increase the accuracy of weighing results. 
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Chapter 3 
Integrated-optics Resonator (IORG) Gyros:  
A Review 

Ramón José Pérez Menéndez1 

3.1. Introduction 

Spacecraft systems such as attitude and orbit control systems (AOCSs) for satellites and 
inertial measurement units (IMUs) for aircraft or extra-terrestrial exploration rovers [1] 
require a large R&D effort focused on the miniaturization of inertial-sensor systems like 
gyroscopes and accelerometers. Thus, as it is well known, the gyroscopes are one of the 
key sensors of IMUs and AOCSs and their miniaturization and compactness is of strong 
interest in the market of above commented applications. MEMS technology has been 
explored to realize one miniaturized device, such as the 3-axis vibratory gyroscope with 
a mass of around 750 g, a volume < 1000 cm3, and a power consumption < 4 W [2], for a 
target resolution higher than 10 °/h to be used in fault/failure detection systems [3]. 
Miniaturized gyroscopes can also be realized by scaling conventional optical gyroscopes, 
i.e., the ring laser gyro (RLG) and the interferometric fiber optic gyro (IFOG), that are 
well established inertial sensors in AOCSs for telecom and earth observation satellites, 
having a wide performance range (resolution from 0.01 to 10 °/h). In particular, integrated 
optical technologies could allow the development of a new-generation of optical 
gyroscopes with resolution ≤ 10 °/h and reduced mass, volume and power consumption, 
becoming devices very competitive with MEMS angular velocity sensors [4]. Two 
innovative integrated optical gyroscopes were patented [5, 6] at the beginning of ’80s. 
They are both based on a planar guided-wave cavity supporting two counter-propagating 
resonant modes whose resonance frequencies are degenerate when the device is at rest, 
while suffer from a splitting induced by the Sagnac effect [7] when the cavity rotates. The 
resonant waves are generated within the cavity acting also as sensing element in the 
semiconductor ring lasers (SRLs) [8, 9] while a passive resonator is excited by two waves 
generated by an external laser in the resonant optical gyros (ROGs) [10, 11]. The  
SRL-based gyroscopes have a very small footprint (< 1 cm2) and can be easily integrated 
on a single chip but their performance is limited by the backscattering and the mode 
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competition within the active cavity. The ROG has a less compact and more complex 
configuration with respect to the SRL but shows the fundamental advantage to be immune 
from the above mentioned effects and this make it the ideal candidate to be investigated 
for novel optoelectronic gyroscopes. Two technological approaches can be used for 
implementing the ROGs, i.e., the hybrid integration (where several optoelectronic 
components made on different dielectric substrates are connected together in a whole 
system) or the monolithic integration (where all the components of optical system are 
integrated on a single chip). 

The Interferometric-Fiber-Optic-Gyro (IFOG) has higher resolution performance than the 
Resonator-Fiber-Optic-Gyro (RFOG) and the Integrated-Optical-Resonator-Gyro 
(IORG), respectively. Therefore, IFOG technology is the best option for strategic-grade 
(0.0001 º/hr), navigation-grade (0.001 º/hr) or high-end tactical-grade (0.01 º/hr) gyro 
applications. Best RFOG designs reach high-end tactical-grade (0.01 º/hr) or  
tactical-grade (0.1 º/hr) performance and they constitute a mature and tested technology 
for a large set of applications ranging from aircraft navigation up to platform stabilization. 
On the other hand, IORG technology is not yet mature and over the last decade it has 
experienced a vigorous development and refinement. Best results reported so far in the 
literature which were obtained experimentally in the laboratory for the performance of 
IORG prototypes are of 0.20 º/ h bias stability and 0.00075 º/ h  for Angular-Random-
Walk (ARW), respectively. As already mentioned above, several prototypes of  
Resonator-Microoptic-Optical-Gyro (RMOG) based on silica-on-silicon resonators have 
been already theoretically engineered, but the experimentally demonstrated performance 
is still at least one order of magnitude worse than that one demanded by spacecraft 
engineering and aircraft navigation applications. Therefore, an improvement of those kind 
of gyros is needed to realize a significant impact on the market. 

The usage of RFOGs (Resonant-Fiber-Optic-Gyroscopes) instead of IFOGs is the first 
step that allows to reduce the fiber-optic coil length, thus leading to lower dimensions. 
Then, in the era of miniaturization, the possibility of integrating optical waveguides 
different than optical fibers leads to even smaller geometrical dimensions. Thus, the 
RMOG (Resonant-Micro-Optic-Gyro) is a promising candidate for applications requiring 
small, light and robust gyros. The first design of an RFOG was made by S. Ezekiel and 
S.R. Balsamo at M.I.T. in 1977 [12, 13]. The results of the analysis of this design are 
common to all types of ROG. Therefore, it also forms the basis of operation of all RMOGs 
and IORGs that are of interest here. In this design, the frequency difference Δf between 
CW and CCW resonances of the cavity comes given by the following equation 

 
4

Δ Ω = Ω
A D

f
P n 

   
    
   

, (3.1) 

being A the area enclosed by the cavity, P the perimeter of the cavity,	λ the vacuum 
wavelength, D the cavity diameter, n the cavity refractive index and Ω the rotation rate 
affecting the system. The precision with which Δ f can be measured depends on the  
Q-factor of the cavity. This way, the minimum rotation rate that this gyro is able to 
measure can be calculated by Eq. (3.2), [12]: 
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here Q is the Q-factor of the cavity [dimensionless], D its diameter [m], Ppd is the input 
optical power incident on photo-detector [W], τ is the integration time [s], h is the Planck's 
constant [J.s], c is the vacuum speed of light [m s-1], λ the vacuum wavelength of light [m] 
and η the quantum efficiency of photo-detector [dimensionless]. A new step to achieve 
the miniaturization of the gyro is to build the passive ring resonator by means of an 
integrated optical waveguide made of a high-index-contrast materials like Silica-on-
Silicon, Silicon-on-Insulator (SOI), III-V semiconductors (InP) or Silicon-Nitride (Si3N4). 
Then, this solution gets to what is called the Integrated-Optics-Passive-Resonator-Gyro 
(IORG). Thus, an IORG can be formed by a ring resonator that includes an optical 
waveguide having a ring shape and one or two straight bus waveguides, see Fig. 3.1. The 
bus and the ring waveguides are coupled by the evanescent field. When the ring is used 
for rotation sensing, it is necessary to launch two input signals (CW, CCW) 
simultaneously in the bus waveguides to excite the ring-resonator cavity for both, the CW 
and CCW propagation directions for the Sagnac effect can be applied. 

 

Fig. 3.1. Integrated ring resonator coupled with one (c) or two (a), (b) waveguides  
(sensing element of IORG) [14]. 

If a two-bus waveguide approach is used, the two input beams can be launched into 
different bus waveguides or in the two opposite ends of the same bus waveguide. 
Consequently there are two possible configurations for the excitation of the cavity and 
resonance frequency measurement. In the first case, output ports are called through ports, 
Fig. 3.1 (a) and (b), whereas in the second one, output ports are the drop ports, Fig. 3.1(b). 
Using a single-bus waveguide architecture, each end of the bus can be utilized either as 
input or output port. In this case, two circulators or switches have to be used at both ends 
of the bus to excite the resonator in CW and CCW directions and to monitor the spectral 
response at the respective through port, Fig. 3.1 (c). To minimize the bias drift of the gyro, 
the two beams coupled to the resonator must have the same optical power amplitude or as 
similar as possible with very reduced tolerance. 
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The conventional configuration of an IORG includes a narrow linewidth laser source, a 
high Q-factor ring resonator, an optoelectronic processing unit, two photo-detectors and 
an electronic readout unit, as represented in the scheme of Fig. 3.2. The sensor can be 
manufactured by using hybrid or monolithic photonic integration. Hybrid integration have 
as main problems the optical alignment of all components and the high value of optical 
power-insertion losses. Monolithic integration has the advantages of the absence of optical 
alignment issues, the higher robustness and compactness, the minor dimensionality and 
the lower optical power consumption. 

 

                (a)                                                                               (b) 

Fig. 3.2. Conventional closed-loop configuration of an IORG: (a) block-diagram including  
a narrow linewidth laser source, a beam-splitter (BS), optoelectronic components for signal 
processing, a waveguide ring resonator, two detectors and an electronic read-out unit; (b) simplified 
scheme of this IORG unit [14]. 

The dimensions of the integrated passive resonator influence gyro scale factor and, in time, 
the cavity Q-factor depends on loss and resonator length. This way, to achieve δΩ < 5 º/h 
and ARW < 0.02 º/ h , a Q-factor around 106 and a resonator length in the range of 
centimeters are at least required [14]. 

Maximum achieved Q-factor in SOI (Silicon-On-Insulator) ring resonators is around  
1.5 105. This limitation in Q-factor makes very difficult to realize a passive integrated 
optical gyroscope having δΩ < 5 º/h by using a SOI ring resonator. On the other hand, 
Silica-on-Silicon technology allows very low loss (< 0.1 dB/cm) operating at 1.55 μm, so 
that waveguides made upon this technology are more suitable for IORG engineering. 
Propagation losses around 0.02-0.03 dB/cm have been demonstrated for low index 
contrast Silica-on-Silicon waveguides (Δ < 1 %). As bending loss suffered by these 
waveguides exponentially decreases with curvature radius, to achieve negligible bending 
loss, a curvature radius larger than a few millimetres is required. Some ring resonators 
employing a 5 μm   5 μm squared core having a very large quality Q-factor (2.4107) 
and operating at 1.55 μm wavelength have been fabricated in Silica-on-Silicon technology. 
To further enhance the Q-factor of resonators in Silica-on-Silicon technology, the hybrid 
integration of two Semiconductor-Optical-Amplifiers (SOAs) within a Silica-on-Silicon 
ring resonator was proposed, Fig. 3.3. 
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Fig. 3.3. Two SOAs are incorporated within ring resonator to compensate propagation loss [14]. 

For a ring radius of 10 mm and a cross-coupling coefficient of 0.001, a Q-factor as high 
as 2.9 108 was calculated, neglecting the effect of spontaneous emission noise. Then, 
with this ring resonator configuration, an IORG unit exhibiting 10 º/h bias drift was 
achieved. An spiral resonator having a total length of 42 cm and a footprint of 20 cm2 was 
designed in 2012 by C. Ciminelli et al. research group with an estimated bias drift equal 
to 0.2 º/h which is the best value reached to date for this kind of IORG [15]. A new trend 
of design over InP-waveguide technology are emerging to improve the scale of integration 
of IORG, to come to make a true Gyro-on-a-Chip (GoC). Table 3.1 collects the six levels 
of gyro performance-grade classification together with its characteristic rotation-rate 
resolution. As it can be seen, each performance level scales by two orders of magnitude. 
For each of them, the main areas of application are detailed on the right column. 

Three main research groups around the world are currently working on this topic with 
increasing and quickly effort leading the investigations, namely: a first Chinese group lead 
by H. Ma, a second Chinese group lead by L. Feng and a third Italian research group lead 
by C. Ciminelli. In the following of this chapter, the more relevant research results upon 
the IORG investigation will be referred to their works, respectively. 

Table 3.1. IFOG and IORG: performance-grade classification and respective applications. 

Performance Grade/Bias 
Stability Range 

Applications 

Consumer 30-1000 ◦/h Motion interface 
Industrial & 
low-end 
tactical 

1-30 ◦/h 
Ammunitions & rockets 
guidance 

Tactical 0.1-30 ◦/h Platform stabilization 
High-end 
tactical 0.1-1 ◦/h Missile navigation 

Navigation 0.01-0.1 ◦/h Aeronautics navigation 

Strategic 0.0001-0.01 ◦/h Submarine navigation 
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3.2. IORG: Main Configurations Looking for the Progressive Reduction  
of Parasitic Optical Noises 

Following the comment above, the Chinese research groups (H. Ma et al., L. Feng et al.) 
focused their effort on finding the solutions to minimize the level of IORG's parasitic 
optical noise sources. On the other hand, the Italian research group (C. Ciminelli et al.) 
tries to arrive at the design of scaled IORG prototypes that match the performance 
parameters desired in the space industry market. Then, it can be clearly verified that both 
approaches are complementary. Therefore, this section will mainly deal with the more 
outstanding results of the work realized by those two Chinese research groups. Thus, 
following a chronological order, the early work on this subject was developed by the group 
of H. Ma et al. This research group has reviewed its own work until the year 2017 which 
can be seen in [16]. 

3.2.1. Research Results Obtained by H. Ma et al. Group 

H. Ma et al. group started to work on this topic in year 2006 when they study the phase 
modulation technique applied to a waveguide-type ring resonator integrated gyro (WRR 
[17]. This work was based on previous studies carried out by one Japanese research group 
[10]. The optical configuration of this IORG is represented in Fig. 3.4. Phase modulation 
technique is applied by means of two phase modulators (PM1 and PM2) hybridly 
integrated with a directional coupler (C1) into one Silica planar circuit (PLC). The key 
sensing element of the gyro is the ring resonator integrated into a second Silica planar 
circuit together with three directional input/output couplers (C2, C3 and C4). 

 

Fig. 3.4. Optoelectronic configuration of IORG in [16]. Hybrid integration around a 60 mm-long, 
19 mm-diameter. Silica PLC waveguide ring resonator was adopted. Phase modulators (PM1  

and PM2) in LiNbO3 were used here [17]. 

Two accousto-optic modulators (AOM1 and AOM2), two polarization controllers (PC1 
and PC2), two photo-detectors (PD1 and PD2) and one Fiber-Laser light source complete 
the optical system. Since this is an open-loop configuration, two Lock-in-Amplifiers 
(LIA1 and LIA2) are necessary, one to complete the feedback circuit and the second for 
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readout measurement. The angular-rate resolution of this gyro is calculated as 57.3 10
rad/s which is still quite far from the tactical-grade (10 º/h) required for the targeted space 
applications. A new work of this group was presented in January 2011 [18], which 
describes an effective method to reduce the Rayleigh backscattering induced noise into 
the waveguide-type ring resonator by carrier suppression. The open-loop configuration 
(with described parts) of this IORG is represented in Fig. 3.5. With a 79 mm total  
Silica-waveguide ring resonator length, a short term (50 s) bias drift of 0.46 º/s is obtained. 
However, the influence of Kerr-effect and polarization-induced noises have not been 
considered in this model. 

 

Fig. 3.5. Experimental setup of waveguide-type ring resonator gyro. DFB-LD: distributed feedback 
laser diode; ISO: isolator; PM1, PM2: phase modulators; C1, C2, C3, C4: couplers; PD1,  
PD2: photodetectors; LIA1, LIA2: lock-in amplifiers; SG1, SG2: signal generators;  
PI: proportional integrator; LDC: laser diode controller; Sync: synchronization signal [18]. 

A following work was presented in February 2011 [19], describing a polarization 
maintaining Silica-waveguide resonator optic gyro using double phase modulation 
technique. A bias stability of 41.85 10 rad/s is successfully demonstrated in this  
Silica-planar-circuit waveguide resonator with 79 mm total length. Its configuration and 
description of constituent parts are represented in Fig. 3.6. 

The next interesting work was published in August 2011 [20], referring to a resonance 
frequency servo-loop optimization technique. Fig. 3.7 shows the setup involved in this 
design and the description of its constituent parts. 

Later, in December 2012, two works were presented. The first one [21], refers to a method 
to reduce the temperature polarization-induced noise into the resonator cavity, thus 
improving the long-term stability of the unit. Here was demonstrated that the reduction of 
the operation temperature from 24 ºC up to 16 ºC, the bias stability can be improved from 
13.6 º/s up to 0.67 º/s, respectively. The system is composed of discrete optical 
components, whereas for one equivalent integrated RMOG unit those values could be 
further improved by a feasible temperature-stable environment. The second work [22], 
relates to a design of one double closed-loop RMOG unit that, in time, will be improved 
in a new design published in 2015 [23], which setup is represented in Fig. 3.8. Based on 
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the optimum parameters of the Hybrid-Double-Phase-Modulation (HDPM) method 
described here, a bias stability of 0.05°/s (integration time of 400 seconds in 1 h) has been 
carried out in an RMOG unit with a waveguide ring-resonator length of 79 mm and a 
diameter of 25 mm. 

 

Fig. 3.6. Experimental setup of the RMOG based on the DPMT (Double-Phase-Modulation-
Technique). FL: fiber laser; ISO: isolator; C1, C2: couplers; PM1, PM2, PM3, PM4: phase 
modulators; SG1, SG2, SG3, SG4: signal generators; CIR1, CIR2: circulators; Sync: synchronized 
signal; PLC: planar lightwave circuit; WRR: waveguide ring resonator; PD1, PD2: photodetectors; 
LIA1, LIA2: lock-in amplifiers; FBC: feedback circuit [19]. 

 

Fig. 3.7. RMOG experiment system apparatus. FL: fiber laser; ISO: isolator; C1, C2: couplers; 
PM1, PM2:phase modulators; SG1, SG2: signal generators; CIR1, CIR2: circulators;  
WRR: waveguide ring resonator; PD1, PD2: photodetectors; LIA1, LIA2: lock-in amplifiers;  
FBC: feedback circuit; Sync: synchronous signal (SG1 to LIA1 [20]. 

Another successive work published in 2013 [24], explains one low-noise low-delay digital 
signal processor constructed on a single Field-Programmable-Gate-Array for a RMOG 
unit with a 25-mm ring- resonator diameter which can detect an equivalent Sagnac effect 
of 0.003 °/s. Fig. 3.9 represents the related setup of this design. In 2014 another article 
[25], describes a reduction of optical Kerr-effect induced error in a RMOG unit by means 
of one light-intensity feedback technique. The main progress made by this work is to 
provide an effective method to reduce the non-linear Kerr-effect into the ring-resonator 
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by applying one light-intensity feedback loop to the closed-loop RMOG. This way, the  
light-intensity fluctuations are reduced to 52.7 10 down from 5.86 %. Finally, in 2015 a 
work ([26]) propose the use of 45º tilted waveguide gratings into the Silica-on-silicon 
waveguide of resonator which can greatly improve the performance in terms of Signal-to-
Noise-Ratio (SNR), due to strong reduction of polarization-induced noise within  
the resonator. 

 

Fig. 3.8. Schematic diagram of thee closed-loop RMOG based on the hybrid digital phase 
modulation scheme. CIR1, CIR2: circulators; PI1, PI2: proportional integrators; LIA1, LIA2: 

lock-in amplifiers; PD1, PD2: photodetectors [23]. 

 

Fig. 3.9. Experimental setup of the RMOG system with the proposed FPGA-based digital 
processor. (a) Setup of the RMOG; (b) FPGA-based digital signal processor of the RMOG [24]. 

When a 40-mm-long and 45° Tilted-Waveguide-Grating (TWG) is applied to a  
Silica-waveguide ring resonator, a Polarization-Extinction-Ratio (PER) of 40 dB between 
the two States-of-Polarization (SOP) is obtained. See Fig. 3.10. 
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            (a)                                                                       (b) 

Fig. 3.10. (a) Optical-Waveguide-Ring-Resonator (OWRR) integrated with a 45°-tilted TWG;  
(b) geometry of a step-index Tilted-Waveguide-Grating (TWG) [26]. 

As a summary of the works related here from H. Ma et al. research group, Table 3.2 
collects the main IORG research results. 

Table 3.2. Main IORG investigation results from H. Ma et al. research group. 

Type of parasitic noise reduced or Modulation 
technique/ Reference Bias drif/Resolution

achieved 
Year of publication 

Noise/Modulation technique Reference 

Phase-modulation technique [17] 57.3 10 [rad/s] 2006 

Rayleigh backscattering noise [18] 0.46 [◦/s] 2011 [January] 

Double Phase-Modulation 
Technique (DPMT) 

[19] 41.85 10 [rad/s] 2011 [February] 

Optimization of res. frequency 
servo-loop 

[20] No data 2011 [August] 

Polarization-induced noise [21] 0.67 [◦/s] 2012 [December] 

Double-Closed-Loop with 
Hybrid-Digital-Phase-
Modulation (HDPM) 

[23] 0.05 [◦/s] 2015 

Digital-Signal-Processor (DSP) [24] 0.003 [◦/s] 2013 

Kerr-effect induced noise [25] No data 2014 

Tilted-Waveguide-Grating 
(TWG) 

[26] 40 dB (PER) 2015 
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3.2.2. Research Results Obtained by L. Feng et al. Group 

As commented at the beginning of this section, a second Chinese research group, namely, 
the L. Feng et al. group, also worked on the IORG topic. This group began its work on 
the subject, apart other previous, in 2013 [27], where it is designed a method for  
back-reflection noise reduction in a Silica-waveguide Resonator-Microoptic-Gyro 
(RMOG) by means of one Integer-Period-Sampling (IPS) based technique. A bias stability 
of 0.41 º/s is realized over one hour period with an integration time of 10 s. The optical 
system setup of this design is represented in Fig. 3.11. 

 

Fig. 3.11. Sketch map of a RMOG system. PD, photodetector; SM-ISO, single mode isolator;  
C, coupler; OWRR, optical waveguide ring resonator; solid line, optical circuit; dash line,  

electric circuit [27]. 

In the following year (2014), a work deserves to be highlighted [28], in which is reported 
the design of a transmissive resonator optic gyro (TROG) based on Silica-waveguide ring 
resonator with improved long-term bias stability. In this IORG design, a bias stability of 
0.22°/s over one hour test with an integration time of 10 s is successfully demonstrated. 
In Fig. 3.12 is represented the setup of this design. There are two basic kinds of ring 
resonator, transmissive resonator and reflective resonator. Compared to the reflective 
resonator, the transmissive resonator introduces an extra coupler to couple the light 
outward, resulting in increase of the total loss of a round-trip and, hence, decrease of the 
finesse of the resonator, and consequently the sensitivity of the gyro becomes lower. 
However, an optic gyro based on a reflective resonator is not so reciprocal. The phase 
difference between the through port and the cross port of an optical directional coupler is 
a little away from π/2 because of differential normal mode loss at the coupling area, which 
leads to a fact that the transfer function of a transmissive resonator is more symmetrical 
than that of a reflective resonator. Moreover, a transmissive resonator may be more 
conducive to the inhibition of the polarization-induced error compared with a reflective 
resonator. Therefore, in short, this design achieves a better bias stability value for the same 
dimensions and ring resonator material than that of the reflective one. 

In 2015, the work published in [29] stands out. It refers to an IORG design that uses 
trapezoidal phase modulation method (TZPM) for the first time. Its main advantage over 
other types of modulation (sinusoidal, triangular) is that this technique can provide more 
information about the whole gyro system without making the optical configuration more 
complicated than conventional one, making it possible to compensate the gyro output in 
real time. In this case, the experimental results of the RIOG prototype show that the 
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standard deviation is greatly reduced after compensation that allows to achieve a bias 
stability of 0.09 º/s with an integration time of 10 s over a 3000 s long-term timeframe. 
Fig. 3.13 represents the sketch map of this unit. 

 

Fig. 3.12. Sketch map of the Transmissive-Resonator-Optic-Gyro (TROG) based  
on Silica-on-silicon waveguide. WRR: Waveguide-type Ring Resonator [28]. 

 

Fig. 3.13. Sketch map of an IORG using the Trapezoidal-Phase-Modulation (TZPM) technique. 
PD: photodetector; WRR: waveguide ring resonator; TZ: trapezoidal; C: evanescent wave 

coupler or coupling region [29]. 

In March 2016, two new works are published. In the first one [30], a new  
phase-modulation method is proposed, namely, the phase difference traversal (PDT) 
method which allows to suppress effectively the back-reflection-induced error produced 
into the ring resonator. Here it is demonstrated that by forcing the phase difference 
between the CW and CCW incident light beams to traverse the interval [0, 2π] repeatedly 
and rapidly enough, the zero-bias fluctuation can be low-pass filtered and, hence, the 
back-reflection-induced error can be effectively suppressed. Thus, for this purpose, a 
multi-wave hybrid phase modulation with in-phase modulation to set the operation point 
is applied. Then, a long-term bias stability of 0.013 º/s is successfully achieved in this 
case. Fig. 3.14 represents the sketch map of this design. 
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Fig. 3.14. (a) Sketch map of an IORG apparatus employing the PDT (Phase-Difference-
Transversal) method. (b) and (c) Two kinds of embodiments of the PDT method. ISO: Isolator; 
LN: LiNbO3 (Lithium Niobate) modulator; PD: Photo-detector; WRR: Waveguide-Ring-
Resonator [30]. 

The second work was published in March, 2016 [31]. As it is well known, the interference 
between back-reflected light and forward light will not only cause non-reciprocal drift of 
CW and CCW resonance frequencies, but also deteriorate the original signal waveform of 
the resonator output. Then, here, an In-Phase triangular phase modulation (IPM) technique 
is proposed and used to eliminate the ripple of the gyro output signal and improve the 
waveform quality of the resonator output. This way, the gyro’s ARW (Angular-Random-
Walk) is reduced from 3 to 0.8 º / h  compared to that of conventional CPM  
(Contra-Phase-Modulation) method. Fig. 3.15 shows the configuration of this approach. 

 

Fig. 3.15. Sketch map of backreflections in IORG. C1, C2: evanescent wave coupler;  
ISO: isolator; PM: Y-branch phase modulator; PD: photodetector; color arrows: signal light  

and its back-reflected light for CCW (blue) and CW (red) [31]. 

Finally, in 2018, two important works are published on the IORG subject by this research 
group. The first one [32], introduces a new double closed-loop control system  
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(Laser-Frequency-Locking-Loop, LFLL; Angular-Velocity-Tracking-Loop, AVTL) with 
mean-square exponential stability proposed to optimize the detection accuracy and 
dynamic response of one transmission-setup IORG. The main advantage provided by this 
design is an effective improvement of bias stability (7.04 º/h, long-term with an integration 
time of 10 s over one-hour test; 1.841 °/h short-term bias stability, inferred from the Allan 
deviation analysis) with respect the one obtained for previous IORG designed units.  
Fig. 3.16 shows the simplified scheme of this design, where it can clearly be seen the 
position occupied by the two regulation closed-loops (LFLL, AVTL) with respect to the 
electrical signals from the demodulation circuits toward phase modulators and frequency-
laser driving-system, respectively. Conventional triangular phase-modulation is applied 
on the upper and bottom arms of Integrated-Optics-Phase-Modulator (IOPM). A second 
sawtooth-wave (generated from the AVTL loop) is injected by electronic addition to 
bottom arm of IOPM. This way, the influence of the variation of the parameters of the 
main closed-loop (LFLL) of the system (due to well-known noise sources within the 
resonator, namely, the non-linear optical Kerr-effect, the back-reflection and the optical 
parameter's fluctuation caused by temperature disturbances) that, in summary, produce a 
laser-locking-frequency-driving signal noise, can be effectively suppressed. 

 

Fig. 3.16. The principle scheme of the double closed-loop (LFLL, AVTL) IORG. The triangular-
wave for phase modulation is applied on the upper arm and bottom arm of the IOPM (Integrated-
Optics-Phase-Modulator). The feedback sawtooth-wave is applied on the bottom arm of the IOPM. 
Meanwhile, the phase modulation triangular-wave and digital feedback sawtooth-wave are all 
differentially applied on the arms of the IOPM. The IOPM achieves the phase modulation and also 
enables the closed-loop control of AVTL (second closed-loop) [32]. 

The second work published in 2018 by this group [33], propose an Enhanced-Differential-
Detection-Technique (EDDT) which has the benefit of suppressing the reciprocal error. 
This way, the suppression of the common-mode signal in the detection circuit allows to 
improve effectively the detection accuracy of the IORG. Theoretical analysis shows that 
the differential-mode output of the EDDT (which is in proportional to the gyro rotation-
rate) can be amplified without the limitation of the IORG’s common-mode signal. The 
appropriate gain of the EDDT is also calculated by considering the intrinsic noises of the 
IORG. With this EDDT technique, a long-term bias stability of 0.0029 º/s is successfully 
observed over a 2 h-timeframe, which is the best result ever achieved by this research 
group on the matter. Fig. 3.17 shows the setup of this proposed detection technique. 
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Fig. 3.17. Schematic diagram of the open-loop RIOG with EDDT (Enhanced-Differential-
Detection-Technique). ISO, Isolator; PM, Phase-Modulator; Y-PM, Y-branch Phase-Modulator; 

CIR,Circulator; PD, Photodetector; WRR, Waveguide-Ring-Resonator [33]. 

As a summary of the works related here from L. Feng et al. research group, Table 3.3 
collects the main IORG research results. 

Table 3.3. Main IORG investigation results from L. Feng et al. research group. 

Type of parasitic noise reduced or Modulation 
technique/ Reference Bias drif/Resolution 

achieved 
Year of publication 

Subject Reference 

Reduction of back-reflection noise 
by Integer-Period-Sampling (IPS)  

[27] 0.41 [◦/s] 2013 

Transmissive-Resonator-Optic-
Gyro (TROG) design 

[28] 0.22 [◦/s] 2014 

Trapezoidal Phase Modulation 
(TZPM) 

[29] 0.09 [◦/s] 2015 

Suppression of back-reflection 
error by Phase-Differential-
Transversal (PDT) Method 

[30] 0.013 [◦/s]  2016 

Reduction of ARW by In-Phase 
Trapezoidal Phase Modulation 

[31] 0.8 [◦/ h ] ARW 2016 

Double-Closed-Loop-Control 
(DCLC) with Mean-Square-
Exponential-Stability (MSES) 

[32] 7.04 [◦/h]  2018 

Enhanced-Differential-Detection-
Technique (EDDT) 

[33] 0.0029 [◦/s]  2018 

 

3.3. IORG: Hybrid and Monolithic Integration Solutions 

As discussed earlier (at the beginning of Section 3.2), C. Ciminelli et al. Italian research 
group has been actively working since year 2009 on the performance improvement of 
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IORG technology. In this section, the main research results on the matter obtained by this 
group will be reviewed. 

An early work realized by this group was published in March 2009 [34], reports one of 
their first IORG designed units with a low-loss InP-based waveguide ring resonator which 
was presented at a workshop session held at the NASA Ames Center (California, USA) 
facilities. Later, in 2012, was published one work [35], which describes a hybrid integrated 
high-Q spiral resonator for optical gyroscope applications. This unit carries one Silica 
(Ge:SiO2) waveguide spiral cavity with a Q-factor > 106 as sensing element having a 
potential resolution < 10 º/ h. Here, an original formula estimating the bias drift due to the 
Kerr effect has been derived, proving that a bias drift of 0.2 º/ h can be achieved by 
controlling the polarization noise. On the other hand, also was demonstrated that the 
resolution of this device can be improved to values less than 10 º/ h, by decreasing both 
the propagation loss within the cavity resonator (< 0.05 dB/cm) and the cavity insertion 
loss to 1-2 dB (typical value). Fig. 3.18 shows the optoelectronic configuration of this 
IORG unit. Fig. 3.19 shows the spectral response of through port by means of two 
acquisition steps (step 1 and step 2) scanned by an optical spectrum analyzer. 

 

Fig. 3.18. Sensing element configuration; WG: waveguide; 
1  and 

1  are the coupling ratios;  

IN: input port; TH: through port; DR: drop port. The sensing element is shown in the inset [35]. 

A significant values of the resonance depth at the through and drop port were obtained. 
Measured values of Full-Width-at-Half-Maximum (FWHM) and FSR (Free-Spectral-
Range) allowed to calculate the quality factor Q as high as 61.50 10 and the finesse as  
F = 4.2. This means that resolution of this device can be ≤ 10 º/ h. 
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Fig. 3.19. (a) Portion (in red) of the spectral response of the cavity scanned by the laser through 
acquisition step 1. Laser central frequency = 193.30000 THz. (b) Spectrum regions relevant to 
acquisition steps 1 and 2. Laser central frequency for the second acquisition step is  
193.30022 THz [35]. 

A new milestone in the IORG research of this group takes place in January 2013 by its 
corresponding publication [36], which is presented a new design based on a high 
performance monolithically integrated InP-waveguide ring resonator. Here was 
experimentally demonstrated that a quality factor Q of the order of 106 is reported for the 
first time for this kind of resonator waveguides. The cavity has been designed aiming at 
the Q-factor maximization while keeping the resonance depth of about 8 dB. This device 
was fabricated using Metal-Organic Vapour-Phase-Epitaxy (MOVPE), deep UV 
photolithography and Reactive-Ion-Etching (RIE). Propagation loss of InP waveguide 
have been measured as low as 0.45 dB/cm, leading to a potential shot noise limited 
resolution of 10 °/ h. In Fig. 3.20 the configuration of the resonator cavity is represented. 
The gap of 1.524 μm between input waveguide and resonator was applied, then, a coupling 
efficiency of 49.9 % is obtained. Fig. 3.21 shows the spectrum response obtained and its 
resonance depth is close to 7.00 dB, being 8.4 pm the FSR and 1.6 pm the FWHM. 

 

Fig. 3.20. Cavity resonator configuration of the fabricated device; (a) geometrical dimensions  
of the cavity; (b) geometry of the rib waveguides over one Fe-doped InP substrate [36]. 
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Fig. 3.21. Spectral response of the resonator with gap g = 1.524 μm  
(best performing device) [36]. 

Then, for a power incident at photodetector of Ppd = 13.84 mW a resolution of 8.8 º/ h is 
obtained, that reach the tactical grade. A further increase of the ring resonator radius from 
13 mm to 15.6 mm has negligible effect to the Q-factor, hence, for the same optical power 
impinging the photodetector a resolution only reduces to 8.3 º/ h. On the other hand, the 
increase of chip footprint could imply the degradation of the fabrication process 
uniformity. 

A very innovative approach for strong enhancement of Q-factor of the resonator is to 
include one 1D PhC in the resonant path of one circular ring cavity in ring resonators for 
gyro applications. This is the underlying philosophy in the design of the EP056933 patent 
authored by this group and collected in [37]. A possible realization of that idea is a ring 
resonator in Silica-on-silicon technology having a diameter of 45.9 mm, weakly coupled 
to a straight bus waveguide (coupling efficiency about 2 %). The resonant path includes a 
low-index-contrast Bragg grating extending over all its length that could be fabricated by 
an appropriate UV writing technique (see Fig. 3.22). Assuming that the waveguide 
structure has a propagation loss of 0.07 dB/cm, a Q-factor of about 97 10 has been 
calculated for this resonator. Other relevant works of these authors on the matter are  
collected in [38-40]. 

 

Fig. 3.22. Configuration of the ring resonator with a 1D PhC included in the resonant path [37]. 
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3.4. IORG: Advanced Design, Trends and Optimization 

In recent years, several groups of researchers throughout the world are devoting great 
effort in the development of high-performance Resonant-Micro-Optical-Gyros (RMOG). 
All of these RMOG designs are based on a waveguide/ring-resonator structure acting as 
the sensor element of rotation-rate. The main variants of this design are focused either on 
ultra-high Q Silica-on-Silicon (Q = 1.5 106) or InP (Q ≥ 106) ring resonators or on  
Si-waveguide/Photonic-Crystal (PhC) ring-resonator (Q = 7 108). More explicitly, the 
very promising research field of IORGs (Integrated-Optics-Resonator-Gyro) aiming at the 
development of optoelectronic ultra-compact and high-performance gyros compliant with 
the requirements of aerospace and defence industry is recently focused onto five 
technological approaches that are being explored: 1) SRLGs (Semiconductor-Ring-Laser-
Gyro), 2) RMOGs (Resonant-Micro-Optical-Gyro) based on ultra-high Q Silica-on-
Silicon resonators, 3) InP gyro-on-a-chip, 4) the gyro configuration based on the ring 
cavity with a Bragg grating in the resonant path, and 5) the multi-ring-cavity gyro. For all 
of them, main efforts focus on design improvement, efficient modulation technique and 
resolution enhancement. It is expected that the monolithically integrated gyro-on-a-chip 
(GoC) prototype will be developed soon. If the characterization of that prototype will be 
successful, it is expected that this design will have a very notably impact on the aerospace 
and defence navigation applications. 

It is noteworthy that important parameter specifications for the design of high 
performance IORG units are found in one recent work on the topic [40]. This work, apart 
considerations about most suitable materials for ultra-low propagation loss of waveguides 
(to achieve higher intrinsic Q-factor), also highlights that: 1) the Kerr effect produced 
within the resonator cavity is the main source of optical noise, therefore its value should 
be reduced as much as possible, 2) an effective control of the non-linear Kerr effect (to 
obtain very low power imbalance between CW and CCW beams), could serve to 
effectively reduce the resonant cavity diameter D or, alternatively, the input optical power 
P0 critically coupled to resonator, 3) an alternative approach to reduce the Kerr effect is 
the use of slot-waveguides so that the mode confinement drastically decreases and the 
field could mainly propagate in air. Then, with a few realistic assumptions for the 
resonator cavity, namely, critical coupling, high-Q cavity, negligible coupling losses and 
optimal phase modulation depth, design rules for minimum D and maximum P0 can be 
written. These results are collect in Eqs. (3.3) and (3.4), as follows: 
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where 0P  is the maximum optical power incident on the resonator cavity [W],  

D  is the minimum cavity resonator cavity diameter [m],   is the guided-mode area [m2], 
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  is the cavity propagation-loss [dB/m] ≈ 
1

8.69
 [Np/m], c  is the speed of light in 

vacuum ≈ 83 10  [m.s-1], 2n  is the non-linear refractive index of the resonator 

waveguide [dimensionless], 0

0

P

P



  is the relative unbalance of intracavity power and 

incident power [dimensionless],   is the vacuum wavelength [m], h  is the Plank's 

constant = 346.626 10 [J.s]. 

This way, Fig. 3.25 shows the areas in domain (P0, D) that Eqs. (3.3) and (3.4) are valid 
for a tactical-grade gyro (ARW ≤ 0.1 º / h  and bias ≤ 1 º/ h) in three cases of material 
waveguide: (a) Silicon-Nitride, (b) Silica-on-silicon and (c), Calcium-Fluoride. 

 

Fig. 3.25. Areas in which Eqs. (14) and (15) are valid for a tactical-grade gyroscope  
for (a) Si3N4 : Silicon-Nitride, (b)  SiO2 : Silica-on-silicon, and (c) CaF2 : Calcium-Fluoride 

micro-resonators. (From Ref. [40]). 

Table 3.4 summarizes the propagation losses and nonlinear index of four different 
integrated technologies namely, silicon on insulator (SOI), Indium Phosphide (InP), 
Silicon-Nitride (Si3N4), Silica-on-silicon based monolithic resonators (SiO2) and 
Calcium-Fluoride (CaF2). Other noticeable works on the matter are collected in [41-45]. 
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Table 3.4. Propagation losses   and non-linear index of refraction 2n   

for five different PIC materials [40]. 

Technology   n2 

SOI 2.7 [dB/m] 185 10 [m2/W] 

InP 0.35 [dB/cm] 1610 [m2/W] 

Si3N4 0.32 [dB/m] 192.4 10 [m2/W] 

SiO2 0.11 [dB/m] 202.7 10 [m2/W] 

CaF2 0.0016 [dB/m] 203.6 10 [m2/W] 

 

3.5. Conclusions 

Due to its high compactness, small size and weight, high reliability and good performance, 
the IORG (Integrated-Optics-Resonator-Gyro) is the ideal candidate for space photonic 
applications. Thus, the main challenge stated here is to achieve IORG units with low-end 

tactical grade, i.e., bias stability ≤ 10 º/h and ARW ≤ 0.1 º / h . This challenge seems to 
be already achieved. In this work, the main results obtained by three world leader research 
groups on the matter have been reviewed. However, higher performance IORG units such 
as high-end tactical grade (bias stability ≤ 1 º/h) or, even, navigation grade (bias stability 
≤ 0.1 º/h) haven't arrived yet. Therefore, a new stage of development of this technology is 
expected which allows the IORG performance improvement. Hereby, the key role will be 
played by new hits on material's science to find waveguides with ultra-low propagation 
loss (≤ 0.01 dB/cm) that, in turn, allow to make ultra-high Q-factor resonators (Q ≥ 106). 
For this purpose, some waveguide materials with good optical parameters at 1.55 μm 
wavelength such as Silicon Nitride (Si3N4) or Calcium Fluoride (CaF2) are currently being 
investigated. 
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AAS - Atomic absorption spectrometry 

ANN - Artificial neural network 

ASV - Anodic stripping voltammetry 

BiF - Bismuth film 

[bmim][N(CN)2] - 1-butyl-3-methylimidazolium dicyanoamide 

[bdmim][BF4] - 1-butyl-2,3-dimethylimidazolium tetrafluoroborate 

[bmim][PF6] - 1-butyl-3-methylimidazolium hexafluorophosphate 

[bmpy][PF6] - 1-butylpyridinium hexafluorophosphate 

[bmpyrr][Tf2N] - 1-butyl-1-methylpyrrolidinium bis-(trifluoromethylsulfonyl)imide 

BPA (Bisphenol A) - 2,2-bis(4-hydroxyphenyl)propane 

BPD - 1,3-bis(1-pyrenyl)decane 

BPHU - 6-(1-pyrenyl)hexyl-11-(1-pyrenyl)undecanoate 

BPP - 1,3-bis(1-pyrenyl)propane 

CILE - Carbon ionic liquid electrode 

MNCs - Carbonaceous materials 

CVD - Chemical vapour deposition 
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CIL - Carbamate IL 

CV - Cyclic voltammetry 

DOAS - Differential optical absorption spectroscopy 

DPA - Dipropylamine 

[ddmim][PF6] - 1-dodecyl-3-methylimidazolium hexafluorophosphate 

[emim][Tf2N] - 1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)imide 

EQCM - Electrochemical and quartz crystal microbalance 

GC-MS - Gas chromatography-mass spectrometry 

GFET - Graphene field-effect transistor 

Hb - Hemoglobin 

HA - Hydroxyapatite 

[C16mim][Cl] - 1-hexadecyl-3-methylimidazolium chloride 

[hmim][PF6] - 1-hexyl-3-methylimidazolium hexafluorophosphate 

[hmim][FAP] - 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate 

[hpy][PF6] - 1-hexylpyridinium hexafluorophosphate 

HPS - hexaphenylsilole 

ICP-MS - Inductively coupled plasma mass spectrometry 

IIP - Ion imprinted polymer 

IL-CPE - IL-modified carbon paste composite electrode 

IL - Ionic liquid 

ITO - Indium tin oxide 

IR - Infrared spectroscopy 

ISEs - Ion-selective electrodes 

LIBS - Laser-induced breakdown spectroscopy 

LOD - Limit of Detection 

[moim][Cl] - 1-methyl-3-octyl imidazolium chloride 

MOF - Metal organic framework  

MOS - Metal oxide semiconductor 

MMT - Montmorillonite       

MWCNTs - Multiwalled carbon nanotubes 

[omim][BF4] - 1-octyl-3-methylimidazolium tetrafluoroborate 
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[omim][H2PO4] - 1-octyl-3-methylimidazolium dihydrogen phosphate 

[opy][PF6] - n-octylpyridinium hexafluorophosphate 

OCP - Organic conducting polymer  

PEDOT - Poly(3,4-ethylenedioxythiophene) 

PolyIL - Poly ionic liquid 

PMMA - Poly(methyl methacrylate)  

PVIM - Poly(vinylbutylimidazolium)   

PtNPs - Platinum nanoparticles    

PTR-MS - Proton-transfer re-transfer reaction mass spectrometry 

QCM - Quartz-crystal microbalance 

SWNTs - Single-walled carbon nanotubes 

SPCEs - Screen-printed carbon electrodes 

SPGEs - Screen-printed graphite electrodes 

SWASVs - Square wave anodic stripping voltammograms  

SWV - Square wave voltammetry 

SPR - Surface plasmon resonance  

THF - Tetrahydrofuran 

TFEs - Thin-film electrodes 

VOCs - Volatile organic compounds 

XAS - X-ray absorption spectroscopy 

4.1. Introduction 

The application of ionic liquids (ILs) in various fields of science and technology is 
incessantly expanding day by day due to the intriguing tunable properties associated with 
them. These unique materials are currently attracting many researchers worldwide 
working in various interdisciplinary research areas. ILs are generally termed as molten 
salts with lower melting points near or below room temperature. These liquid electrolytes 
are composed of opposite charged ions i.e., alkyl substituted bulky organic cations 
(ammonium, imidazolium, pyridinium, pyrrolidinium, phosphonium, sulfonium, etc.) and 
inorganic or organic anions (halide ion, tetrafluoroborate, hexafluorophosphate, acetate, 
tosylate, triflate etc.). Due to the large difference between the size of the bulky asymmetric 
organic cation and the organic/inorganic anion, the force of attraction exists between these 
opposite charged ions is relatively less and this results in weak packing of lattice. This 
phenomenon allows ILs to remain in liquid state at room temperature or below 100 oC, 
which occurs in case of many inorganic salts; where the opposite charged ions remain 
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disorganized. Fig. 4.1 shows some of the most common and popular ILs as a combination 
of these oppositely charged cations and anions. The most fascinating point about ILs is 
that just by tuning the structures of the cation and/or anion; their properties can be tuned 
effectively to desired extent [1-5]. That is why these are often termed as designer solvents. 

These unique materials (electrolytes/solvents) possess many unusual physicochemical 
properties, such as, low melting point, high boiling temperature, negligible vapor pressure, 
high thermal and chemical stability, greater solubilizing affinity for a variety of solutes, 
high ionic conductivity and large electrochemical window [1-5]. They are often termed as 
“green solvents” because of their negligible vapor pressure and non-flammability nature 
which allow them to be viewed as super alternatives for the replacement of the toxic and 
hazardous volatile organic solvents those are largely used in many academic and industrial 
researches. The aforementioned fascinating properties of ILs attracted researchers from 
each corner of the world to apply these unique materials in many interdisciplinary research 
areas, such as, synthesis, catalysis, biochemical applications, pharmaceutics, nanoscience, 
polymer materials, as energetic materials, chromatographic application for separation and 
extraction processes, among many others [6-13]. ILs are also shown to be used as 
electrolytes in batteries, fuel cells, capacitors, and solar cells [14-17]. Along with these 
versatile applications, ILs have currently shown tremendous potential as sensing materials 
in developing various types of sensors [18-25]. In those sensors, ILs are shown to be either 
used directly or conjugated with some other materials e.g., nanomaterials or polymers as 
the sensing platform for the detection of various chemical and biochemical species such 
as, heavy metals, some important ions, various gases, some organic/inorganic compounds 
of importance, solution pH, DNA, protein, enzyme, cholesterol, urea, etc.. This chapter 
thoroughly presents the utility of ILs in various sensor applications highlighting the role 
of ILs and the detailed mechanism. 

 

Fig. 4.1. Molecular structures of some common and popular ILs. 

4.2. Ionic Liquids as Chemical Sensors 

The role of ILs in chemical sensing has garnered researcher’s interest worldwide due to 
their unique properties including the ability to dissolve a broad range of substances, such 
as, metals, various ions, organic compounds of importance, inorganic gases (O2, CO2, H2, 



Chapter 4. Ionic Liquids in Chemical Sensing: A Window of Opportunities 

97 

H2S, NH3, etc.), DNA, proteins, enzymes, polysaccharides, etc. Consequently, the 
important properties of ILs afford better molecular interactions in setting up a foundation 
to modify future sensor devices with efficient recognition and optimized immobilization 
protocols. Fig. 4.2 shows how versatile IL-properties can be utilized to fabricate potential 
sensor platforms to achieve great chemical selectivity and sensitivity (for example, 
electrochemical and quartz crystal microbalance (EQCM) sensing) [26]. In this section, a 
variety of ILs based chemical sensors are thoroughly presented. The detailed mechanism 
of the IL-based sensors for the detection of the aforementioned chemical and biochemical 
species is also highlighted [27-41]. So much works on the utility of ILs as chemical 
sensors have been done so far. The main focus here is to discuss the aspects of current and 
future applications of ILs in the field of chemical sensing. 

 

Fig. 4.2. IL-properties and related sensor evaluation parameters for different sensing platforms. 
Reprinted (adapted) with permission from (Ref. [26], Rehman and Zeng, Acc. Chem. Res.,  

Vol. 45, 2012, 1667-1677 (2012)). Copyright (2012) American Chemical Society. 

4.2.1. Heavy Metal Sensing 

The pollution of heavy metals is one of the most severe environmental issues owing to its 
non-biodegradability. Alarming levels of heavy metals in natural environmental samples 
may have a serious detrimental effect on the environment and living organisms. Heavy 
metals like mercury, thallium, lead, cadmium, etc. can lead to various disorders and health 
issues, such as, teratogenic toxicity, neurological damage, kidney toxicity, paralysis, 
chromosome breakage, and birth imperfections. In fact, these heavy metals are extremely 
toxic even at low concentrations on account of its ability to bio-accumulate in living 
organisms as well as in the ecosystem. Therefore, determination of heavy metals and its 
compounds in environmental, food and biological samples at low-levels is of paramount 
importance. A number of analytical methods have been developed for the trace 
determination of heavy metals with sufficient sensitivity, such as, atomic absorption 
spectrometry (AAS), inductively coupled plasma mass spectrometry (ICP-MS), X-ray 
absorption spectroscopy (XAS), etc. However, such methods are more expensive and time 
consuming in comparison to electrochemical methods. Among the various 



Physical and Chemical Sensors: Design, Applications & Networks 

 98

electrochemical detection methods, anodic stripping voltammetry (ASV) has been widely 
recognized as an alternative of spectroscopic tool for the determination of heavy metal 
ions at low levels due to its low cost, ease of operation, good specificity, and high 
sensitivity. Owing to various advantages of mercury-based electrodes, they have been 
traditionally used in stripping techniques; however, its toxicity restricts the use of these 
electrodes in heavy metal analysis. Subsequently, several efforts were made to replace 
toxic mercury electrodes by environment friendly alternative electrode materials with 
excellent analytical performance. Nowadays, ILs have attained immense attraction in the 
field of electrochemistry due to its high ionic conductivity and wide electrochemical 
window. On account of this fact, they have been widely used as electrochemical solvents 
and electrode modifiers for the fabrication of sensors.  

In recent years, several research groups have reported the use of electrodes modified with 
ILs in the fabrication of metal ion electrochemical sensors. In this context, Ping and co-
workers prepared n-octylpyridinium hexafluorophosphate ([opy][PF6]) IL-modified 
carbon paste composite electrode (IL-CPE) with electrochemically deposited bismuth 
film (BiF) for detection of cadmium (Cd) and lead (Pb) [42]. Fig. 4.3 displays square wave 
anodic stripping voltammograms (SWASVs) of Cd(II) and Pb(II) at BiF/CPE, IL-CPE, 
and BiF/IL-CPE. It was observed that the stripping response of Cd(II) and Pb(II) at the 
BiF/IL-CPE was superior to that of BiF/CPE or IL-CPE. Such improved performance 
could be attributed to the enhanced conductivity of the IL-CPE and also due to addition 
of Bi(III) to the sample. The proposed electrode revealed high sensitivity toward Cd(II) 
and Pb(II) detection with well-defined, sharp and separate stripping peaks as shown in 
Fig. 4.3 (top curve). The linear range was from 1.0 μg L-1 to 100.0 μg L-1 for both the 
metal ions and the detection limits were 0.10 μg L-1 and 0.12 μg L-1 for cadmium and lead, 
respectively with a deposition time of 180 s. These results suggested that this electrode 
was nontoxic, sensitive, reproducible and stable. Moreover, the developed electrode was 
effectively used for the determination of trace heavy metal ions in soil sample extracts. 
Further, a highly sensitive electrochemical sensor was developed using graphene, IL (1-
butyl-2,3-dimethylimidazolium tetrafluoroborate [bdmim][BF4]) and Nafion composite 
and bismuth film (BiF)-modified screen-printed carbon electrodes (SPCEs) [43]. The 
sensor was applied to determine traces of zinc, cadmium, and lead by SWASV. Analytical 
characteristics of the BiF/Nafion/IL/Graphene/SPCE were investigated by calibration 
curves which were linear in the range of 0.1-100 ng mL-1 for three metal ions, with a 
detection limit of 0.09 ng L-1, 0.06 ng L-1 and 0.08 ng L-1 for zinc, cadmium and lead, 
respectively, with 120 s deposition time and it shows good repeatability and 
reproducibility of the voltammetric responses. This highly sensitive, low-cost and simple 
sensor was successfully tested by the determination of zinc, cadmium and lead in drinking 
water samples and it can also be used for heavy metals in real samples.  

Khanipour and coworkers developed a high performance sensor using multiwalled carbon 
nanotubes wrapped with hydroxyapatite (HA/MWCNTs) and IL 1-dodecyl-3-
methylimidazolium hexafluorophosphate [ddmim][PF6] as the binder for the evaluation 
of trace amounts of heavy metals [44]. The working performance of the electrode was 
studied by detection of lead ion as a model for heavy metal ions. This sensor shows 
relatively high selectivity, high sensitivity, and favourable reproducibility, repeatability, 
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stability and detection limit for Pb2+ (2×10-11 M). In 2016, Mendecki et al. prepared first 
plasticizer-free ion-selective sensor based on copolymerized 1,2,3-triazole IL for the 
immediate detection of iodide ions without any sample pretreatment [45]. In this method, 
copolymerized triazole moiety is the cationic part and the iodide serves as its counterion 
in the proposed poly ionic liquid (polyIL). It was observed that iodide ion as the 
counterion in the triazole moiety had a direct influence on the membrane’s functionality. 
The potentiometric studies discovered that each electrode exhibits high selectivity toward 
iodide anions over a range of  inorganic anions. Also, these electrodes displayed a 
Nernstian slope (-56.1 mV decade-1) across a wide concentration range and the lower 
detection limits of ~6.3×10-8 M or 8 ppb. Consequently, this study shows an excellent 
potential of self-plasticized copolymers as sensing materials for the development of ion-
selective electrodes (ISEs). Such ISEs can be utilized in straight manner for the online 
detection of biologically relevant ions without the need for sophisticated conditioning 
protocols.  

In recent study, a modified electrochemical sensor was used based on a carbon paste 
electrode improved with nitro benzoil diphenyl methylene phosphorane, IL [opy][PF6] 
and Fe3O4 nanoparticles for the determination of lead ion in water and fish samples was 
investigated using square wave voltammetry (SWV) [46]. The linear range was from 1.20-
120 nM for the lead ion and the detection limit of the method was 0.9 nM. Further, 
demonstration of a selective sensor was done for nanolevel of lead ion based on carbon 
paste electrode made-up from new synthesized Schiff base [3-(4-
methoxybenzylideneamino)-2-thioxothiazolodin-4-one], as an ionophore, MWCNTs, 
nanosilica, IL 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) and 
graphite powder [47]. The proposed electrode presented excellent potentiometric 
performance like better sensitivity, selectivity, response time and response stability. It 
exhibited broader working activity range (5×10-9 to 1×10-1 mol L-1), Nernstian slope 
(29.76 ± 0.10 mV decade-1), low detection limit (2.51×10-9 mol L-1), low response time 
(~6 s), and independent of the pH in the pH range of 4.5-8.0. This study suggested that 
the sensor could be used for the detection of lead ion in diverse samples. An efficient 
electrochemical sensor was developed using graphene, [opy][PF6], and new synthetic 
phosphorus ylide [2,4-Cl2C6H3C(O)CHPPh3] (L) for simultaneous electrochemical 
sensing of mixture of thallium, lead and mercury [48]. This proposed electrode shows 
good selectivity, stability and does not require separation of the three species from 
complex mixtures before electrochemical measurements. The analytical performance 
examined using square wave voltammetry shows linear range from 1.25×10-9 to 2×10-7 
mol L-1 and the detection limits achieved were 3.57×10-10 mol L-1, 4.50×10-10 mol L-1 and 
3.86×10-10 mol L-1 for thallium, lead and mercury, respectively. The results suggested that 
it can be used for determination of trace analyte ions in routine analytical applications. In 
2015, Shamsipur group prepared a voltammetric sensor for nanomolar determination of 
mercury ions using ionic liquid carbon paste electrode (ILCPE) infused with novel Hg2+-
ion imprinted polymeric (IIP) nanobeads based on dithizone, as a suitable ligand for 
complex formation with Hg2+ ions [49]. The performance was investigated by differential 
pulse anodic stripping voltammetric technique, it revealed linear responses in the ranges 
of 0.5-10 nM and 0.08-2 μM with a very low limit of detection (0.1 nM) and 
preconcentration potential and accumulation time -0.9 V and 35 s, respectively. The 
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overall experimental results establish that the proposed sensor can be used as an effective 
and sensitive sensor for the determination of mercury in waste water samples. 

 

 

Fig. 4.3. SWASVs of 50 μg L1 Cd(II) and Pb(II) in 0.1 mol L1 acetate buffer solution  
at the different electrodes. Deposition time: 120 s. Deposition potential: 1.2 V. Concentration  
of Bi(III): 1000 μg L1. Reprinted (adapted) with permission from (Ref. [42] Ping et al., J. Agric. 
Food Chem., Vol. 59, 2011, 4418-4423 (2011)). Copyright (2011) American Chemical Society. 

4.2.2. Ion Sensing 

The development of chemical sensors capable of efficiently and promptly detecting ions 
of importance is a major step forward in the field of analytical chemistry, biological 
sciences, supramolecular chemistry, and environmental science. Specifically, fabrication 
of novel ion-selective electrodes is of utmost importance and is rapidly emerging in the 
field of analytical chemistry. Such ion-selective electrodes have numerous significant 
advantages, for example, sensitivity and selectivity, portable size, low cost, ease of 
fabrication in comparison to usual analytical methods. In recent decades, impact of ILs in 
electrochemical sensing is emerging in electroanalytical chemistry owing to its high ionic 
conductivity, chemical and electrochemical inertness, wide electrochemical window, and 
negligible vapor pressure. The unique physiochemical properties of ILs prompted 
researchers to determine a number of primary ions using ILs based sensors. Till date, 
several studies have been performed to detect and analyze ions, like I-, Cl-, SCN-, Cu2+, 
alkali metal cations, etc. the number is increasing every year. Zhou et al. developed an 
amperometric sensor using IL [opy][PF6] and single-walled carbon nanotube for the 
determination of nitrite ion in the milk [50]. Nitrite monitoring in various food samples is 
essential because it has potential to metabolize into carcinogenic N-nitroso compounds. 
The above fabricated electrode displayed superior mechanical stability, high 
reproducibility, and analytical activity. The marked enhancement in the analytical sensing 
of nitrite using such electrode arises due to significant increase in the electron transfer rate 
for electroactive compound and reduction in the over-potential for the oxidation of nitrite. 
These investigations revealed that IL-based single-walled carbon nanotube electrode 
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shows a linear range from 1.0 M to 12.0 mM with a lower detection limit of 0.1 M. The 
overall experimental results demonstrate that the proposed electrode can be used as an 
effective and sensitive sensor for the determination of nitrite for its wide application in 
food analysis. In another study, researchers prepared a sensitive electrochemical sensor 
based on a carbon IL electrode modified with Fe3O4 magnetic nanoparticles for the 
detection of nitrite ion using cyclic voltammetry (CV) [51]. This Fe3SO4/IL-based 
electrode sensor facilitated the electron transfer of nitrite and significantly enhanced the 
oxidation signal of nitrite, thereby allowing to develop rapid and sensitive electrochemical 
method for the sensing of nitrite ion. This composite electrode was stable with a sensitivity 
of 0.0402 μA μmol-1 L, good repeatability, and a linear response of 10-900 μmol L-1 with 
a low detection limit of 0.70 μmol L-1.  

Further, researchers determined iodide ion in pharmaceuticals and thiocyanate ion in 
human saliva using screen-printed solid-state electrodes constituted of ILs having 
common cation 1,3-dihexadecylimidazolium with anions as chloride (Cl-), iodide (I-), and 
thiocyanate (SCN-) [52]. These IL-based screen-printed solid-state electrodes 
demonstrated good sensitivity towards the corresponding anions and high selectivity in 
the presence of the other anions. Another potentiometric sensor was fabricated by Stoikov 
and coworkers for the recognition of hydrogen phosphate using ILs containing 
tetrasubstituted derivatives of thiacalix[4]arene in cone and with long hydrophobic 
substituents bearing cationic centers able to exchange [53]. The anion sensing was carried 
out using electrochemical impedance spectroscopy with ferricyanide as redox probe. 
These IL-based electrodes were modified using multi-walled carbon nanotubes which 
allows to selectively detect hydrogen phosphate anion from 1×10-2 to 1×10-6 M and limit 
of detection of 2×10-7 to 1×10-6 M. In a recent study, a sensitive and selective off-
luminescence chemical sensor was developed constituted of Eupolyoxometalate 
(Na9[EuW10O36]∙32H2O (EuW10)) and IL-type imidazolium gemini surfactant  
([C14-n-C14im]Br2, n = 2, 4, 6) for the detection of Cr3+ and MnO4

- in aqueous solution 
[54]. It was observed that with the addition of IL [C14-n-C14im]Br2, the fluorescence signal 
increased sharply as shown in Fig. 4.4(a) due to the intramolecular energy transfer.  
Fig. 4.4 (b) shows that I622/I593 decreased by gradual addition of SAIL [C14-n-C14im]Br2, 
suggesting a reduced symmetry of the surrounding microenvironment of Eu3+. This is 
possibly due to complete replacement of water by [C14-n-C14im]Br2, thereby allowing 
EuW10 to be situated in a relatively uniformly distributed polymer matrix in the core. 
Further, the effect of the different space length of [C14-n-C14im]Br2 was studied on the 
morphologies and luminescence properties of EuW10 (Figs. 4.4(c) and 4.4(d)). Fig. 4.4(c) 
clearly reveals that fluorescence intensity of the IL-type gemini surfactant  
[C14-2-C14im]Br2 was the strongest and in fact 32 times higher than that of pure EuW10. 

This is attributable to the reduced symmetry of the Eu3+ due to increase in I622/I593 with the 
decrease in spacer length. As a consequence, it provides higher rigidity and steric 
hindrance, thus inhibiting the facilitation of water molecules and these outcomes were 
further confirmed by time-resolved fluorescent studies (Fig. 4.4 (d)). Therefore, such 
EuW10/[C14-2-C14im]Br2 fluorescent probe formed by combining polyoxometalates with 
IL surfactants can construct aggregation enhanced emission systems to provide novel 
simple, economical, fast and sensitive sensors for the detection of Cr3+ and MnO4

- in 
environmental analysis. 
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Fig. 4.4. (a) Variation of the luminescence spectra of EuW10 (0.04 mM) upon the titration of IL 
[C14-2-C14im]Br2. The inset is the image of 0.04 mM EuW10 (left) and 0.04 mM EuW10/0.2 mM 
[C14-2-C14im]Br2 (right) under UV light. (b) The intensity ratios of 622 to 593 nm (I622/I593) along 
the gradually addition of [C14-2-C14im]Br2. (c) The luminescence intensity of 0.04 mM  
EuW10/0.2 mM [C14-2-C14im]Br2 (n = 2,4,6). (d) Time-resolved decay of 0.04 mM EuW10/0.2 mM 
[C14-2-C14im]Br2 luminescence. The POM was excited at 280 nm and monitored at 622 nm.  
(Ref. [54] Sun et al., J. Colloid Interface Sci., Vol. 547, 2019, 60-68 (2019)).  

4.2.3. Organic Compounds Sensing 

It appears that a number of organic compounds persist in the environment and some of 
them are unavoidable leading to various health issues. Consequently, a quick, reliable, 
sensitive and accurate method for the detection and determination of organic chemical is 
very essential from public health and environmental safety point of view. In this context, 
several research groups are introducing sensing techniques for the determination of 
organic compounds [55-68]. Among the various established sensing methods, 
electrochemical methods have tremendous advantages, high sensitivity and accuracy, low 
fabrication cost, a wide linear range, ease of operation, and fast response time. Reports 
have shown that ILs are gaining increasing interest in the field of electroanalytical 
chemistry, especially in designing of electrochemical sensors due to the high ionic 
conductivity and electrochemical window. These novel materials could increase the 
transfer rate of different compounds when they are coupled with various electrodes. 

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA) is a chief component in plastics 
and epoxy resin industry and is therefore widely used for the manufacture of daily living 
products, such as, drinking water bottles and PVC pipes, epoxy resins for the lacquer 
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lining of metal food cans, etc. Therefore, human health is highly affected when exposed 
to BPA leading to various health problems which include reproduction dysfunctions, 
endometrial hyperplasia, frequent miscarriages, polycystic ovarian syndrome, and 
abnormal karyotypes. Hence, it is an urgent requirement to search for an efficient 
detection method of BPA so as to diminish its contamination in food samples. In this 
context, Wang et al. designed an electrochemical sensor for organic chemical BPA by 
using conducting poly(3,4-ethylenedioxythiophene) film (PEDOT) and IL [bmim][Br] on 
SPCE [55]. PEDOT/[bmim][Br] composite film was characterized by field emission 
scanning electron microscopy, X-ray photoelectron spectroscopy and surface water 
contact angle experiments which reveals that this composite film demonstrates 
exceptional electrochemical activity towards BPA oxidation with enhanced current 
response and signal stability. This proposed electrode shows a linear response to BPA in 
the range of 0.1-500 mM under optimized flow-injection amperometry, sensitivity 
(0.2661 μA μM1) and detection limit of 0.02 M. The proposed BPA sensor was 
employed for the determination of BPA released from plastic water bottles with 
satisfactory recoveries. Further, another electrochemical sensor based on CuO 
nanoparticles and IL 1-hexyl-3-methylimidazolium hexafluorophosphate [hmim][PF6] 
was fabricated using carbon paste electrode for the simultaneous determination of 
hydrazine and BPA in different water samples [56]. This electrochemical sensor displayed 
linear dynamic ranges of 0.05-150 and 0.2-175 μM having the detection limits of 0.03 and 
0.1 μM for hydrazine and BPA, respectively.  

Najafi et al. designed an electrochemical sensor for the determination of BPA and Sudan 
I in food samples by employing carbon paste electrode modified by a ZnO/CNTs 
nanocomposite and IL 1,3-dipropylimidazolium bromide and then studied them by 
voltammetry [57]. It is noteworthy that, in comparison to conventional carbon paste 
electrode, IL-based carbon paste electrode modified by a ZnO/CNTs nanocomposite 
exhibited superior performance towards BPA and Sudan I detection. In a similar study, 
another electrochemical sensor was developed based on Pt/CNTs nanocomposite IL 
modified carbon paste electrode for the detection of Sudan I in food samples. The CV, 
electrochemical impedance spectroscopy, and square wave voltammetry methods showed 
a linear response range of 0.008-600 mol L1 and the limit of detection was found to be 
0.003 mol L1 [58]. Pandey et al. have highlighted the utilization of IL [bmim][PF6], as 
a polar solvent for the detection and analysis of polycyclic aromatic hydrocarbon (PAH) 
[59]. They have investigated the photophysics of the two different types of PAH (alternate 
and nonalternate) looking at their steady-state fluorescence emission behavior in the 
presence of a commonly used quencher nitromethane dissolved in either IL [bmim][PF6], 
acetonitrile, or aqueous glycerol (90 wt%) as shown in Fig. 4.5. Steady-state emission 
studies of six PAHs in selected solvents reveal that the emission spectra of all six PAHs 
in [bmim][PF6] displays substantial bathochromic shifts in comparison with acetonitrile, 
signifying a fairly favorable interaction between the excited-state PAH, which is more 
dipolar in character with respect to the ground state, and the solvent [bmim][PF6]. These 
steady-state fluorescence studies confers that, quencher nitromethane quenches the 
fluorescence emission of the alternant PAHs selectively within these systems. This 
fluorescence quenching method will be highly helpful to distinguish between nonalternate 
and alternate PAHs. It is noticed that the above fluorescence quenching by quencher 
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nitromethane for the alternate PAH compounds studied in IL [bmim][PF6], acetonitrile, 
and aqueous glycerol (90 wt%) strictly obeys Stern-Volmer-type behavior. Further, it is 
shown that the efficiency of quenching of the alternate PAHs within aqueous glycerol and 
IL [bmim][PF6] is very similar and comparatively lower to that studied in organic solvent 
acetonitrile. This is attributed to the higher viscosity of 90 wt% aqueous glycerol and IL 
[bmim][PF6] than compared to that of acetonitrile. This clearly indicates the requirement 
for developing ILs based sensors with superior fluidity. 

 

Fig. 4.5. Normalized fluorescence spectra of select PAHs in acetonitrile (dotted lines), 
[bmim][PF6] (solid lines), and 90 wt.% glycerol in water (dashed lines) at ambient conditions. 
Reprinted (adapted) with permission from (Ref. [59], Fletcher et al. Anal. Chim. Acta, Vol. 453, 
2002, 89-96 (2002)). Copyright (2002) Elsevier. 

Another organic compound Fentanyl and its analogues are potent synthetic opioids which 
have been found as contaminating constituents in illegal drugs for acute  
analgesia and chronic pain. However, this drug is harmful when in direct contact and 
results into frequent deaths due to overdoses. Therefore, it poses a major  
threat to first responder and law enforcement communities. Hence, there is an essential 
requirement for the development of convenient analytical method for the detection of 
fentanyl. In a very recent article, researchers have fabricated a rapid, on-the-spot, fentanyl 
sensor using SPCE, modified with IL 1-butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)imide [bmpyrr][Tf2N] by cyclic square wave voltammetry [60]. 
This disposable sensor strip system offers an electrochemical fingerprint of fentanyl 
displaying an initial oxidation peak at +0.556 V (vs Ag/ AgCl) and a reversible reduction 
and oxidation reaction at -0.235 and -0.227 V, respectively. Chlorinated organic pollutants 
cause many detrimental effects on living organisms even though at low concentrations, 
such as, carcinogenic effect, high toxicity, teratogenesis, and mutagenesis. These 
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compounds are extensively used in various chemical and pharmaceutical manufacturing 
processes, for example, coking, steel making, and construction, therefore, gaining 
widespread attention owing to its harmful effects to human health and the ecological 
environment. Among the chlorinated organic compounds, chlorophenol is widely 
produced as an intermediate in the production of herbicides, fungicides, pharmaceuticals 
and insecticides attributable to its wide-ranging antimicrobial properties. Further, it is 
well-known that 4-chlorophenol is a toxic chlorinated organic pollutant which causes 
enormous pollution and destruction via the environment. It causes severe issues with 
nervous system, such as dizziness, rash and itching, if consumed with contaminated water 
for longer periods. Owing to the several health hazards associated with these 
chlorophenols, there is an urgency of rapid, sensitive, qualitative and quantitative 
designing of sensor in order to combat with human health issues. In a recent study, a 
sensitive photoelectrochemical sensor based on the heterojunction between a BiPO4 
nanocrystal and a BiOCl nanosheet (BiPO4/BiOCl) has been developed for the detection 
of 4-chlorophenol [61]. The synthesis of BiPO4/BiOCl hetero-junction was assisted by 
employing ILs 1-hexadecyl-3-methylimidazolium chloride ([C16mim][Cl]) and 1-octyl-3-
methylimidazolium dihydrogen phosphate ([omim][H2PO4]) using hydrothermal method. 
This heterojunction shows effective separation of photo-induced electron-hole pairs as 
compared to pure components with subsequent improved photo-electrochemical 
performance. The improved photo-electrochemical response exhibited a strong linear 
relationship, a wide range, a low detection limit, high repeatability, specificity and 
stability. These results reveal that this IL-conjugated photo-electrochemical sensor offered 
an effective analytical method for the detection of 4-chlorophenol. 

4.2.4. Gas Sensing 

Gases play an important role in daily human life. Gas sensing is of immense importance 
due to its application in various zones including environmental safety, human health, 
medical diagnostics, and industry. Therefore, monitoring concentrations of different gases 
and assembling detailed chemical information about local environments is critical for 
numerous applications. Literature data reveal that various principles have been developed 
for the sensing of gaseous analytes, such as, infrared spectroscopy (IR), gas 
chromatography-mass spectrometry (GC-MS), differential optical absorption 
spectroscopy (DOAS), laser-induced breakdown spectroscopy (LIBS), proton-transfer  
re-transfer reaction mass spectrometry (PTR-MS), metal oxide semiconductor (MOS), 
metal organic framework (MOF), organic conducting polymer (OCP), and quartz-crystal 
microbalance (QCM) [69]. However, among the various methods mentioned above except 
QCM, all have some limitations. QCM sensing method utilizes ILs, the materials that have 
garnered our interest due to their unique physicochemical properties with great potential 
for commercial use. The conventional sensor utilizes water/sulfuric acid as an electrolyte 
which dries out over quickly under high temperatures, restricting reliability. However, ILs 
can potentially provide an advantageous medium for development of stable and robust gas 
sensors owing to its negligible vapor pressure, wide electrochemical window, and high 
thermal stability thus enabling them to perform under high temperature and pressure 
conditions. In this context, several research groups have started investigating the use of 
ILs as electrolytes in gas sensing techniques. The work presented in this section details 
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chemoselective gas sensing of wide range of gases, including hydrogen, oxygen, carbon 
dioxide, nitrogen dioxide, hydrogen sulfide, chlorine, ammonia, toxic gases, and volatile 
organic compounds in several ILs. 

4.2.4.1. Oxygen (O2) Gas Sensing 

It is well-known that oxygen gas plays important role in the survival of living organisms. 
Hence the monitoring of gaseous oxygen is of great significance in a range of area such 
as food technology, pharmaceutical industry, mining, environmental monitoring, and 
space exploration. A level of oxygen below 18 % is potentially hazardous owing to a 
higher risk of asphyxiation and ultimately death, whereas on the other hand concentration 
of oxygen higher than 23 % poses a threat of fire and explosion. Consequently, there is an 
essential requirement of fabrication of economical oxygen monitoring devices that can 
detect oxygen concentrations within the above mentioned limits at different temperatures. 
Several groups have developed portable oxygen sensors including amperometric, 
potentiometric, impedometric sensors based on semiconducting metal-oxides or 
conducting polymers, screen-printed graphite electrodes, etc. Mu et al. developed a robust 
and flexible IL based electrochemical oxygen gas sensor containing a planar electrode on 
permeable membrane structure [70]. This sensor delivered high sensitivity of 0.48 μA/% 
oxygen, a linearity of 0.997 R2 value in range of 0 %-21 % oxygen, and Limit of Detection 
(LOD) of 0.08 %. In another study, a low-cost screen-printed graphite electrodes (SPGEs) 
platform was designed for the detection of oxygen by initially testing six ILs: (1) 1-ethyl-
3-methylimidazolium bis-(trifluoromethylsulfonyl)imide [emim][Tf2N] (2) [bmim] 
[Tf2N] (3) 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate 
[hmim][FAP] (4) [bmpyrr][Tf2N] (5) [bmim][BF4], and (6) [bmim][PF6] [71]. CV results 
reveal a typical reversible one-electron reduction to superoxide, however, with significant 
Ohmic drop contributions at scan rates above 100 mV.s1. Long term chronoamperometry 
(LTCA) studies on the other hand exhibited superior sensing performance on the SPGEs 
varying in comparison to carbon screen-printed electrodes (C-SPEs). The overall studies 
confirmed that role of IL plays a crucial role in determining the extent of analytical 
response and in this case, SPGEs with IL [bmim][PF6] gave the best analytical response 
for the detection of oxygen. Another electrochemical oxygen gas sensor has been studied 
on commercially-available integrated Pt thin-film electrodes (TFEs) using [emim][Tf2N]) 
by Silvester group [72]. They have observed that TFEs exhibited superior behavior in 
comparison to screen-printed electrodes (SPEs) for oxygen sensing. In an attempt to 
construct robust gas sensor, [emim][Tf2N] was mechanically stabilized on the TFE surface 
by the addition of poly(methyl methacrylate) (PMMA), however, showing foreseeable 
impact on sensitivity but minimal impact on the LOD. The overall studies demonstrated 
that these type of robust sensing devices were unaffected by the presence of ambient 
moisture for real world gas sensing applications. In 2011, Huang and coworkers 
demonstrated IL-gold nanomaterial composite methodology for a membrane-free 
amperometric oxygen sensor [73]. This combination overcomes a major problem for 
generating an extremely thin layer of IL on the surface of electrode due to its ease of 
fabrication and handling. It significantly enhances some properties as compared to 
conventional SPCE like reduction current, sensitivity and response time and morphology-
dependent activity. The sensor was tested and quantified by using both CV and 
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chronoamperometry methods. The studies reveal that such type of sensors hold the 
requisite characteristics required for a really versatile, long-lived membraneless sensor. 

4.2.4.2. Carbon Dioxide (CO2) Sensing 

Carbon dioxide (CO2) is a gas of vital importance in daily life in different fields, such us, 
combustion of fossil fuel for power generation, oil refining, transportation, and most 
chemical manufacturing. On the other hand, it has huge impact on globe’s climate and 
human health, including the greenhouse, to clinical fields for point-of care testing of CO2 
levels in whole blood samples and diagnostics of stomach cancer, as well as agro-food. 
CO2 gas is generally produced by fossil fuel combustion and by living organisms which 
poses danger to human lives when present at high concentrations. The U.S. Occupational 
Safety and Health Administration consider a CO2 concentration above 4 % as “unsafe to 
life and health”. The development of a sensor with high sensitivity and selectivity that is 
capable of detecting CO2 and quantifying its concentration in a reliable and inexpensive 
manner is of significant importance to both the medical profession and  
socially-responsible industries. A wide range of IL-based sensors has been developed so 
far for the detection and quantification of CO2 gas. Tang et al. developed a carbamate  
IL-based CO2 sensor based on change in the fluorescence response [74]. Primarily, they 
noticed that hexaphenylsilole (HPS) is non-luminescent when it is dissolved in 
tetrahydrofuran (THF), but becomes strongly fluorescent when the HPS molecules are 
aggregated in the THF/water mixtures with high water contents. They further observed 
that bubbling CO2 through an amine yields a carbamate IL (CIL), which is accompanied 
by increase in the polarity and viscosity of the medium. Keeping this in mind, an amine 
solution of HPS was purged with a stream of CO2 gas that turned on the light emission of 
HPS as their molecules clustered in and restriction of the intramolecular rotation (RIR) 
process was activated by the polar and viscous CIL. A series of amines were examined 
and it was shown that bubbling large volumes of CO2 gas through HPS solutions in 
piperidine (Pip), pyridine (Py), diethylamine (DEA) and butylamine (BA) caused no 
recognizable changes in the emission of HPS. However, a green light was emitted from a 
dipropylamine (DPA) solution of HPS immediately after it was bubbled with a small 
volume of CO2 gas, and the emission was further increased on increasing the volume of 
CO2 gas. Further, a CIL was prepared by purging DPA with a large excess of CO2 gas. A 
monotonic increase in the fluorescence intensity was observed on increasing the amount 
of the CIL in DPA solution of HPS. The plot of the fluorescence intensity vs. concentration 
of CIL shows a linear trend, which clearly indicates that it is the CIL that has affected the 
fluorescence emission of HPS. In order to quantify the fraction of CO2 in a gas mixture, 
CO2/N2 mixtures were used as a model system to check how the fluorescence response of 
HPS varies with the concentration of CO2. It was noticed that the fluorescence intensity 
of HPS was increased monotonously with increasing concentration of CO2.  

As the conventional CO2-sensing processes are susceptible to water, moisturized CO2 gas 
was prepared to examine the effect of water on the performance of sensing. It was 
observed that the addition of water droplets into DPA solutions of HPS shows almost 
similar results. The CIL-based sensing scheme is free of CO-interfering problem because 
it is well established that CO does not react with amine [75]. Hence, it became clear that 
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the CO2-sensing process is not affected significantly by the presence of water and CO. 
This CO2-sensing scheme is observed to permit quantitation of CO2 amount over the 
whole concentration range (0 % – 100 %), and this can be highly appealing, particularly 
in the area of seismology and volcanology, where field tracking of the gas mixtures with 
high amounts of CO2 plays a crucial role in disaster prediction and prevention. Further, a 
fluorescent CO2 sensor was developed relying on the response of fluorophores  
1,3-bis(1-pyrenyl)propane (BPP), 1,3-bis(1-pyrenyl)decane (BPD) and  
6-(1-pyrenyl) hexyl-11-(1-pyrenyl)undecanoate (BPHU) [76]. An optically-responsive 
switchable CIL was prepared by the reaction of two moles of dipropylamine (DPA) with 
one mole of CO2. This conversion into CIL, the viscosity, as well as polarity of the 
medium changes significantly, which forms the basis for the fluorescence excimer-based 
CO2 detection. The excimer-forming fluorescence microviscosity probes BPP, BPD, and 
BPHU show that the excimer-to-monomer fluorescence intensity ratio (IE/IM) of sample 
decreases linearly with the volume of CO2. These investigations reveal that the sample 
viscosity increases with the increase in CO2 volume. Also, the microviscosity studies 
further confirm that the IE/IM ratio decreases linearly with the flow rate of CO2. UV-Vis 
molecular absorbance studies were performed by employing a solvatochromic probe, 
Reichardt’s dye 30 in order to measure dipolarity/polarizability and the hydrogen bond 
donating (HBD) acidity of the milieu. These absorbance studies show that the dye 
behavior changes significantly, exhibiting unlike appearances in neat DPA versus that in 
CO2-saturated DPA (pale yellow and deep purple, respectively). This self-referencing 
CO2 sensor delivered excellent sensitivity and complete reversibility, making possible a 
remarkable visual display noticeable to the naked eye. In a recent study, Capitán-Vallvey 
group developed an optical sensor by the addition of IL for the determination of gaseous 
CO2 [77]. This sensor displays significant improvement in recovery and response times, 
increase in the sensor’s lifetime and storage stability. In this work they presented a study 
on the influence of eight different ILs in the composition of dry membranes used for CO2 
optical sensing. Due to great solvent power of the ILs as well as rapid kinetics of 
absorption and desorption favour the diffusion of CO2 in the membrane, improving its 
analytical characteristics, which suggests possible applications in the environmental field, 
as well as in intelligent packaging. 

4.2.4.3. Hydrogen (H2) Gas Sensing 

Among the aforementioned important gases, hydrogen gas captures an eye in hydrogen-
powered fuel cell vehicles, for instance, hydrogen powered-cars, buses, trucks, etc., where 
hydrogen is combined with oxygen in fuel cells to generate electric power with mere 
production of water and heat as by-products. Furthermore, hydrogen gas finds immense 
application in the fields of aeronautics, aerospace, automobiles, medicine and industries. 
Even though it has wide potential applications in multitude areas, the use and storage of 
hydrogen presents a handling hazard due to its explosive nature in air at concentrations of 
4-75 % by volume [78]. Therefore, there is an immediate and continuous need of selective, 
accurate and quick methods for its detection. In this context, Silvester group recently 
developed ultra-fast hydrogen gas sensors by employing 9 m thin layers of IL as 
electrolyte [79]. They have created gold microchannel electrodes modified with 
electrochemical deposition of platinum nanoparticles (PtNPs) and further covered PtNPs 
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with thin layer of IL to detect hydrogen gas (Fig. 4.6). This setup allows for low-cost, fast 
responding and highly sensitive sensor fabrication for the detection of hydrogen gas. In 
order to assess the electrode ability and response time towards hydrogen detection, 
oxidation of hydrogen was monitored at variable concentrations ranging from 10-100 % 
by volume of hydrogen in [emim][Tf2N]. CV and LTCA techniques were employed to 
detect hydrogen gas. Fig. 4.7 represents cyclic voltagram for the electrochemical 
oxidation of 10-100 vol% of hydrogen on PtNP modified gold microchannel electrode, Pt 
electrode, and PtNP modified gold electrode in [emim][Tf2N]. Fig. 4.7(a) shows that PtNP 
modified gold microchannel electrode exhibited a steady-state oxidation current response 
at all concentrations of hydrogen. However, a slight deviation from linearity is observed 
at higher concentrations of hydrogen on Pt electrode. 

 

Fig. 4.6. Illustration of the experimental set-up (not to scale) for (a) A Au microchannel electrode 
and (b) A traditional Au macrodisk electrode, encased in a PTFE cylinder. Platinum and silver 
wires (counter and reference electrode, respectively) were dipped into the RTIL at an angle of 120 
to the side of the Au electrode disk. (Ref. [79] Hussain et al., Anal. Chim. Acta., Vol. 1072, 2019, 
35-45 (2019)).  

This observed deviation is attributable to a more complicated hydrogen oxidation process 
in comparison to a simple diffusion-controlled process on Pt. Thereafter, analytical 
parameters (sensitivity and LOD) were calculated for hydrogen oxidation in 
[emim][Tf2N] on PtNP modified gold microchannels along with bare Pt and PtNP 
modified gold macrodisk electrodes using CV. It was observed that larger electroactive 
surface area of PtNP modified gold electrode resulted into somewhat higher sensitivities 
in comparison to the bare platinum electrode. However, LODs on the PtNP modified gold 
microchannel electrodes were nearly 7 times smaller than the bare Pt electrodes, and much 
lesser than the lower explosive limit for hydrogen which is 4 vol%. Further, another 
technique LTCA was employed for hydrogen in IL [emim][Tf2N] on the three electrodes 
in an attempt to assess the ability of the modified surfaces for real time hydrogen gas 
sensing and to measure the response time (t90). Calibration plot of current versus 
concentration reveal almost no current in the absence of hydrogen, however, on 
incorporating hydrogen into the cell, an ultra-fast instantaneous response was observed 
and the current ranges a maximum within a few seconds. This could be attributed probably 
due to the thin layer of the IL allowing faster partitioning of the hydrogen gas. Analytical 
parameters were calculated and it was observed that the sensitivity was highest on the 
PtNP modified Au microchannels (96 nA/%) in comparison to PtNP modified Au 
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macrodisk (82 nA/%) and bare Pt electrode (52 nA/%). These investigations reveal that 
the diffusion layer thickness has stretched considerably even on the other surfaces and is 
now larger than the thickness of the IL droplet. The LOD is 0.1 vol% hydrogen at lower 
concentration range (1-10 vol%) which is well below the lower explosive limit. The 
design of such electrode setup would furnish quick quantification of hydrogen gas during 
leakage and thus inhibiting the risk of an explosion. In another study, a fuel cell based 
amperometric hydrogen sensor was developed based on pulsed electrodeposited 
electrodes with IL [bmim][BF4] IL as an electrolyte with better performance [80]. 

  

Fig. 4.7. CV for the electrochemical oxidation of 10-100 vol% H2 on a (a) PtNP modified Au 
microchannel electrode, (b) bare Pt electrode, and (c) PtNP modified gold electrode  
in [emim][Tf2N] at a scan rate of 100 mV.s1. Red dashed line is blank voltammogram  
in the absence of H2. Insets show the calibration plots of peak current (baseline corrected)  
vs concentration, along with the line of best fit. (Ref. [79] Hussain et al., Anal. Chim. Acta.,  
Vol. 1072, 2019, 35-45 (2019)).  

4.2.4.4. Ammonia (NH3) Gas Sensing 

Ammonia (NH3) is one of the highly toxic gas which is harmful to human health and 
contaminates the environment. On the other hand, it becomes flammable at high 
concentrations and so the ability to precisely monitor its level is needed in several 
industries, including petroleum refining, refrigeration and fertiliser production, food 
processing, automotive and chemical industries, where the use of NH3 is commonly 
applied. Therefore, removal and recovery of NH3 from flue gas is very important. The 
detection of NH3 is also important in clinical medicine. Consequently, several NH3 sensors 
have been reported in the literature so far. In 2008, NH3 gas sensing has been reported 
using inkjet-printed polyaniline electrodes in aqueous solutions using commercially 
available SPEs and/or non-aqueous/IL solvents [81]. In one communication, researchers 
reported a sensor for NH3 that oxidized hydroquinone in IL [emim][Tf2N] [82]. Linear 
range of the sensor was from 10 to 95 ppm v/v NH3 and LOD was at the level of 4.2 ppm 
v/v. Further, Murugappan et al. reported electrochemical oxidation of NH3 in IL 
[emim][Tf2N] on the screen-printed type electrodes (platinum and gold) [83]. The 
analytical utility is studied on Pt and Au surfaces, and these results of an investigation 
employing SPEs (Au and Pt) where the linear range of the sensor was 240-1360 ppm and 
LODs were 50 ppm (Pt) and 185 ppm (Au). The results suggested that PtSPEs in 
conjunction with very small volumes of non-volatile ILs is a huge advantage and may 
significantly reduce the costs of voltammetric or amperometric gas sensing devices. In 
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this context, Shimoyama group developed NH3 gas sensor using a graphene field-effect 
transistor gated by IL (ILGFET) [84]. The ILGFET gas sensor was fabricated by the 
photolithography of metal electrodes and a chemical vapour deposition (CVD)-grown 
graphene channel on which an IL droplet was manually placed. In a conventional GFET, 
i.e., a back-gate GFET, the gate voltage is applied between graphene and silicon under the 
300-nm-thick SiO2 layer to create a field effect, as illustrated in Fig. 4.8(a). In the case of 
the IL-gate GFET (IL- GFET), graphene is coated with the IL. Gate voltage is applied 
between graphene and a gate electrode, which is connected to the IL to form a 1-nm-thick 
electric double layer at the graphene/IL interface. The double layer serves as a gate 
insulator. Due to the thickness of the double layer, the IL-GFET can be driven by 
approximately 100 times lower voltage than the back- gate GFET, as shown in Fig. 4.8(b). 
The results demonstrate that the IL-GFET gas sensor enables low voltage operation 
compared with solid-gate materials, such as SiO2, while the sensitivities and response 
times of the two GFETs were similar. The variations in voltage and current were found to 
be proportional to the logarithm of the NH3 gas concentration. The voltage shift and 
current change were -0.057 V and -0.44 A, respectively, per 10-fold increase in NH3 
concentration from 9 to 2400 ppm. The detection limit was calculated to be 130 ppb. The 
measured response time was 33 s for the sensor with a 23-m-thick IL. 

 

Fig. 4.8. Comparison of (a) the conventional back-gate GFET gas sensor and (b) the proposed  
IL-gate GFET gas sensor. (Ref. [84], Inaba et al., Sens. Actuator B-Chem.,  

Vol. 195, 2014, pp. 15-21). 

4.2.4.5. Volatile Organic Compounds Sensing 

The group of volatile organic compounds (VOCs) constitutes one of the most common air 
pollutants discharged into the atmosphere. Emissions of VOCs are involved in many 
chemical industrial processes such as chemical or petrochemical industries but also in 
daily life activities. VOCs are present in polluted urban/industrial atmosphere but they can 
also be produced naturally in oceans, plants and combustion of biomass, as well as 
volcanic eruptions. VOCs are not only produced in open air spaces but also remain a 
problem in indoor areas like varnishes, paintings or photocopying machines which 
generates indoor VOCs. Therefore, humans are easily exposed to these chemicals through 
the skin, by breathing, and by eating, and even at low concentrations this exposure can 
present long-term health risks. Most of the VOCs are regarded as toxic compounds for 
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human beings and the environment. It has been proved that several VOCs cause genetic 
modification and are responsible for several types of cancers such as leukaemia and 
hematopoietic and also shown neurotoxicity and negative effects on human organs such 
as skin or lungs. Due to the rising problems of pollution that several countries are facing, 
the legislation on VOCs is becoming increasingly stricter. Nowadays, the rule on VOCs 
emission forces industry to treat their liquid or gaseous emissions before discharging them 
into the atmosphere. With this background, there is an increasing interest in the detection 
and monitoring of harmful VOCs. Xu et al. developed a QCM sensor array by using 
sensitive coating of IL for the detection of VOCs [85]. In this work, an array of five QCMs, 
each of the four measuring QCM coated with a different material and a blank QCM for 
reference was used as a sensor system. The sensitive coatings included three ILs 
[bmim][Cl], [bmim][PF6] and [ddmim][Tf2N] and a GC stationary phase to measure 
VOCs. They studied the identification property of the sensor array by using an artificial 
neural network (ANN) qualitative recognition method for the detection of four typical 
VOCs: toluene, acetone, ethanol and dichloromethane. The results show that the success 
rate for the qualitative recognition reached 100 %. Quantitative analysis has also been 
investigated within the concentration range of 0.6-6.1 mg/L for toluene, 0.9-7.5 mg/L for 
ethanol, 2.8-117 mg/L for dichloromethane, and 0.7-38 mg/L for acetone, with a 
prediction error lower than 8 %.  

In another study, researchers made an attempt to design and build a laboratory prototype 
sensor for the measurement of VOCs (containing carbonyl group and aromatic ring in 
their chemical structure such as benzaldehyde, methyl benzoate, and acetophenone) in gas 
samples utilizing ILs (1-butyl-3-methylimidazolium dicyanoamide ([bmim][N(CN)2]), 1-
octyl-3-methylimidazolium tetrafluoroborate ([omim][BF4]), [bmim][Tf2N]) as the 
electrolytes, and commercial SPEs by DropSens [86]. The measurement of these analytes 
in argon atmosphere was characterized by the sensitivity from 71 to 191 nA/ppm, whereas 
the limit of detection was at the level 1.4-5.7 ppm (v/v). These parameters are depended 
on the analyte measured as well as on the electrolyte employed. The most advantageous 
parameters were found for the benzaldehyde sensor with IL [omim][BF4] as the electrolyte 
(191 nA/ppm and 1.4 ppm (v/v), respectively). The designed sensor was selected rather 
for emission measurements where VOCs concentrations level varies from 0.1-100 ppm. 
Further, higher LOD facilitates this sensor appropriate to measure VOCs emission during 
biomass combustion. In addition to the above mentioned VOCs, sensing of volatile 
aldehydes is of immense importance in various fields, especially in the area of food 
industry for the evaluation of fatty food deterioration and in medical diagnosis [87, 88]. 
In a recent publication, Toniolo and coworkers reported first time the use of ILs as a media 
to carry out electrooxidation of typical aldehydes that can be resulted from fatty foods due 
to deterioration processes and technological treatments [88]. They have employed 
[bmim][OH] as electrolyte to detect gaseous aldehydes (propionaldehyde and 
hexanaldehyde) by observing the cyclic voltammetric behavior of aldehydes at a platinum 
microelectrode. A simple electrochemical microprobe prepared by two platinum disk 
electrodes of 25 and 250 m diameters with a thin film of [bmim][OH] was setup to 
monitor 1-3 ppm levels of aldehyde under atmospheric conditions and even at  
high temperatures. 
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4.2.5. Bioanalyte Sensors 

Over the years, electrochemical biosensors based on ILs are receiving breakthrough 
attention for monitoring nucleic acids, enzymes, proteins, cholesterol, urea, glucose, etc. 
owing to several advantages, such as, sensitivity, simplicity, low economical cost, and 
portability. The ILs can be conveniently incorporated into carbon nanotube electrodes to 
form stable composites. High surface area, unparalleled strength, high electrical and 
thermal conductivity, renders carbon nanotube as appropriate candidates for biomolecule 
attachment and molecular recognition to permit electrical communication between the 
underlying electrode and electroactive labels attached to the ends of the carbon nanotubes. 
Consequently, such IL/carbon nanotube based composites can be utilized for a wide 
variety of electrochemical applications including biosensing. In fact, such IL-based 
composite sensors can also be used as immobilizing matrix to entrap enzymes and proteins 
and, thus offering a promising microenvironment for redox enzymes and proteins to 
maintain their bioactivity and perform uninterrupted electrocatalysis. In particular, a 
substantial number of reports exist on the direct electrochemistry of proteins, enzymes, 
glucose, nucleic acid, vitamins and so on, attached on IL-based sensing layers. Currently, 
precise and quick determination of exact deoxyribonucleic acid (DNA) sequence is 
receiving widespread consideration in the area of biosensing which is attributable to its 
vital roles in medical diagnosis, biomedical engineering and environmental safety. In this 
context, Sun and coworkers fabricated carbon ionic liquid electrode (CILE) (IL =  
1-butylpyridinium hexafluorophosphate [bmpy][PF6]) modified with partially reduced 
graphene oxide electrochemical sensor for the sensitive detection of single stranded DNA 
(ssDNA) sequence related to transgenic soybean A2704-12 [89]. The proposed 
electrochemical DNA sensor can detect A2704-12 gene sequence from soybean in the 
concentration range from 1.0  1012 to 1.0  106 mol/L with the detection limit of  
2.9  1013 mol/L by employing CV. In another article, researchers have reported chitosan 
and IL ([bmim][PF6])-based graphite electrodes for superior monitoring of DNA [90].  

They have further studied the sequence-selective DNA hybridization by measuring the 
guanine oxidation signal. The electrochemical behavior of proposed DNA sensor was 
monitored using electrochemical impedance spectroscopy and differential pulse 
voltammetry. The fabricated DNA sensor was evaluated for sequence-selective DNA 
hybridization related to Hepatitis B virus. This Chitosan-IL based modified graphite 
electrode presented a very effective discrimination of DNA hybridization because of their 
higher selectivity and sensitivity. Further, researchers have developed ILs based protein 
and enzyme sensors. The direct electron-transfer reaction between redox proteins or 
enzymes and IL-based composite electrodes has garnered substantial attention in recent 
years. These composite materials can afford an appropriate microenvironment to keep the 
protein or enzymatic activity and facilitate the electron-transfer rate between the active 
redox centre of the proteins and enzymes with underlying electrode. Such investigations 
afford ideal platform for mechanistic studies on electron-transfer in actual biological 
systems and open pathways in designing next-generation biosensors. A substantial 
amount of articles have been published on the direct electrochemistry of hemeproteins 
and enzymes attached on IL-based sensing layers. Sun et al. has fabricated a novel 
myoglobin (Mb) electrochemical sensor by employing IL (1-hexylpyridinium 
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hexafluorophosphate [hpy][PF6]) based on CILE as the substrate electrode [91]. Further, 
graphene and nickel oxide were in situ electrodeposited gradually to achieve a nickel 
oxide/graphene nanocomposite modified CILE. The detailed fabrication procedure of this 
modified electrode is demonstrated in Fig. 4.9. The modified fabricated electrode was 
employed as the platform for myoglobin immobilization and biosensor construction. The 
proposed sensor displayed excellent electrocatalytic performance with wider linear range 
and lower detection limit. 

 

Fig. 4.9. Fabrication procedure of Nafion/Mb/NiO/GR/CILE. (Ref. [91]  Sun et al. Thin Solid 
Films, Vol. 562, 2014, 653-658 (2014)).  

 

In another study, researchers have developed nanocomposite electrochemical sensor 
based on single-walled carbon nanotubes (SWNTs) and imidazolium-based ILs 
[bmim][BF4] and [bmim][PF6] for the detection of proteins/enzymes [92]. These 
nanocomposites were formed by adsorption of an imidazolium cation of IL on the surface 
of SWNTs through the “cation- interaction and these results were supported by X-ray 
photoelectron spectroscopy and Raman spectroscopy. The proposed IL-SWNTs 
nanocomposites could homogeneously protect the surface of a glassy carbon electrode 
ensuing in an ILs-SWNTs/glassy carbon modified electrode with a better stability. It 
behaves as a matrix to immobilize heme-containing proteins/enzymes, such as, 
myoglobin, cytochrome c, and horseradish peroxidase without suffering from 
denaturation. These studies were confirmed by uv-vis and circular dichroic spectroscopic 
results. Hemoglobin (Hb) is another important class of protein that comprises of four 
polypeptides and every polypeptide chain encompasses a heme group as active center. In 
the current years, investigation on direct electrochemistry of Hb is preferred over 
conventional solid electrodes, owing to the fast electron transfer between hemoglobin and 
the electrode. Moreover, due to the profound entombing nature of the electroactive group 
present in the structure of Hb, conventional electrodes were unsuccessful. Safavi and 
coworkers fabricated a CILE using an IL [opy][Cl] composite material to study the direct 
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electrochemistry and electrocatalytic property of Hb [93]. CV of Hb/IL/carbon IL 
modified electrode results reveal a set of distinct, quasi-reversible redox peaks for 
Hb/IL/CILE with peak potentials of Epc = -0.29 V and Epa = -0.15 V, which is the 
characteristic of the potential of heme Fe3+/2+ redox couples. Therefore, direct electron 
transfer and immobilization of Hb on CILE can be recognized as a milestone for creating 
the novel generation of biosensors without using supporting films and redox mediators. 
Further, folic acid is another biomolecule of great importance. Several electrochemical 
detection methods have been developed for detection of folic acid, a coenzyme which 
controls the formation of ferroheme and an essential constituent of hemapoietic system. 
Its deficiency can cause various diseases, such as, gigantocytic anemia, enhanced 
carcinogenesis, leucopenia, decentralization of mentality, and psychosis, and risk of  
heart attack.  

In 2015, Wang et al. proposed a novel sensor for the detection of folic acid using gold 
nanoparticles (AuNPs) and graphene modified CILE as the working electrode [94]. The 
proposed IL-modified electrode exhibited excellent electrochemical efficiencies owing to 
its explicit characteristics together with higher conductivity and larger surface area by 
using differential pulse voltammetry. This electrode exhibited a distinct oxidation peak of 
folic acid on the modified electrode with the oxidation potential of +1.05 V (vs. SCE). 
These oxidation peak currents were directly proportional to folic acid concentration in the 
range from 0.01 to 50.0 μmol L-1 and the limit of detection was 2.7 nmol L-1. Such 
projected sensing method was successfully employed for the determination of folic acid 
sample tablet with quite satisfactory performances. Another important biomolecule 
cholesterol is often investigated as an essential lipid in clinical laboratories owing to its 
association with various cardiovascular, cerebral thrombosis, hypertension, and metabolic 
disorder. In this regard, a rapid, sensitive and selective determination of cholesterol is of 
prime importance in medical diagnosis and its immediate cure. Among the other analytical 
techniques for cholesterol detection, electrochemical techniques remain the most 
promising one attributable to its cost effectiveness, higher sensitivity, and quick response 
time. Several attempts were made by researchers to detect cholesterol electrochemically 
that depend on the immobilization of enzyme onto an appropriate matrix [95, 96] 
However, such methods prevent its accurate determination due to several facts like 
denaturation of the expensive enzyme, complex immobilization procedures, and poor 
reproducibility, and consequently poor selectivity and sensitivity range. In one 
communication, researchers have developed a non-enzymatic novel electrochemical 
sensor based on poly(vinylbutylimidazolium) [PVIM] IL-cobalt polyoxometalate 
(Co5POM) supported on carbonaceous materials (MNCs) for the non-enzymatic detection 
of cholesterol [95]. The polyIL plays a vital role by bringing synergy among the highly 
active POM and MNCs through stabilization. This sensor can detect cholesterol with a 
low detection limit of 1 fM, a response time of ~5 s, and a wide detection range of 1 fM-
5 mM. The proposed modified sensor was verified with a human blood serum sample at 
physiological pH. The composite sensor fabricated with PVIM-Co5POM/MNC was 
coated over Whatman filter paper for a superior sensitivity (Fig. 4.10). Interestingly, the 
proposed modified cholesterol sensor shows no significant interference with species, such 
as glucose, uric acid and ascorbic acid. Also, the flexible paper electrode exhibited very 
promising performance for the selective and sensitive detection of cholesterol. 
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Fig. 4.10. (a) Schematic representation of cholesterol detection with the PVIM-Co5POM/MNC 
composite on a flexible paper electrode. (b) Single crystal X-ray structure  
of Na12[WCo3(H2O)2(CoW9O34)2]; Na and H atoms are omitted for clarity. (c) FE-SEM image  
of the MNCs (inset: TEM image), and (d) TEM image of the PVIM-Co5POM/MNC composite 
(inset: SAED pattern). Reprinted (adapted) with permission from (Ref. [95], Thakur et al., Chem. 
Commun., Vol. 55, 2019, 5021-5024 (2019)). Copyright (2019) Royal Society of Chemistry. 

In another study, researchers have systematically fabricated enzyme-free electrodes based 
on nanoclay (NC) LAPONITE® (L), montmorillonite (MMT) and imidazolium based ILs 
for the detection of various bioanalytes such as ascorbic acid, oxalic acid, urea, citric acid, 
glucose and cholesterol at 20 C [96]. The utilization of ILs ([emim][Cl] and 1-methyl-3-
octyl imidazolium chloride ([moim][Cl])) into nanoclay dispersions ensued in boosting 
the stability of the thin film electrodes formed of the NC-IL constituents. The NC-IL based 
thin films were fabricated on indium tin oxide (ITO) substrate and their electrochemical 
studies for different analytes were probed using CV. 

4.3. Conclusions 

IL-based sensor is currently a rapidly growing research area attracting researchers 
worldwide owing to the exceptional physicochemical properties associated with these 
green designer solvents. Their high thermal and chemical stability, negligible volatility, 
high ionic conductivity and wide electrochemical window make them exciting candidates 
for the preparation of robust chemical and biochemical sensing platforms. In this chapter, 
we have highlighted a variety of chemical and biochemical sensors based on ILs or ILs 
conjugated materials. Their effectiveness towards sensing of heavy metals, gas sensing, 
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sensing of various important ions, organic compounds of importance, biomolecules, such 
as, nucleic acids, proteins and enzymes have been thoroughly discussed. The detailed 
design, mechanism and sensitivity of these sensors are clearly highlighted in this chapter. 
The behavior of ILs in each type of sensor is observed to be dependent on the nature of 
the sensing material and the type of IL used. Most of the IL-based sensors are 
electrochemical sensors based on amperometry (rely on current change), CV (showing a 
change in I-V response) and electrical impedance (based on the change in resistance) 
measurements along with optical sensors where UV-Vis absorbance, fluorescence 
emission, surface plasmon resonance (SPR) responses have been used as optical tools. 
The most important phenomenon associated to these IL-based sensors is that their 
performance characteristics, such as, sensitivity, flexibility, and response time can be 
improved by judiciously choice of suitable cation and anion combination of the ILs. In 
our view, sensor performance can be improved in future investigations by the 
development of novel task-specific and polymeric ILs and further an in-depth 
investigation into the mechanisms of the sensing processes. This chapter on IL-based 
sensors is supposed to be helpful to researchers working in the vast areas of sensors as 
well as ILs. 
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Chapter 5 
High Sensitively Chemiresistive Sensor Based 
on Novel 2D MXene and TiO2 Nanocomposite 
for Detection of Anti-cancer Agent, 8-HOA 

O. Ama, M. Johnson, L. Liu, Steven Y. Qian,  
Q. Zhang and D. Wang*1 

5.1. Introduction 

According to the reports from the World Health Organization (WHO), there are more than 
8 million people living with cancer and about 13 % of all deaths worldwide, die from 
cancer each year. WHO also estimates that we can expect a 70 % increase in deaths from 
cancer over the next two decades [1]. Prevention and effective treatment of cancers 
becomes very crucial for the possibility of survival among patients living with cancer. 
Various studies have confirmed that human health and disease are closely related to 
dietary habits and choice of life style. Therefore, a healthy and well-balanced diet with 
the right nutrition is essential for cancer prevention and treatment. Furthermore, major 
advances towards cancer prevention and control can be greatly aided by an effective 
method of early detection and treatment of this type of disease, especially in its  
pre-invasive state before metastasis [2]. The omega-6 and omega-3, as two essential 
classes of polyunsaturated fatty acids (PUFAs), are part of the essential diet for survival 
in mammals [3]. They are important cellular components and are indispensable for cellular 
and tissue functions such as building cell membranes, proper blood clotting, muscle 
movement, inflammation and more recently cancer cell growth inhibition [4, 5]. They are 
both known to provide health benefits, with emphasis on the omega-3 fatty acids which 
have been known to have important health benefits for the heart, brain and body 
metabolism [6]. The omega-6 fatty acids are primarily used for energy and also possess 
certain pro-inflammatory properties when produced in large quantities. For instance, 
Arachidonic acid (AA), a product of the conversion of an omega-6 fat – Linoleic acid, 
produces Eicosanoids like the Prostaglandin E2, which has cancer promoting abilities. 
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Unfortunately, omega-6 fatty acids are more abundant in our diet than the omega-3 fatty 
acids [7]. 

Generally, the approved ratio of omega-6 to omega-3 fatty acids in an ideal diet is 4:1 or 
even less. However, in United States, the average diet has a ratio of omega-6 to omega-3 
between 10:1 and 50:1 [7]. 

Nevertheless, recent studies by Qian et al have successfully demonstrated that omega-6 
fatty acids can be used in the treatment of cancerous cells [8-11]. This study is based on 
the COX-catalyzed peroxidative breakdown of Dihomo-gamma-linolenic Acid (DGLA, a 
distinct omega-6 type PUFA) to suppress the production of Arachidonic acid (AA) while 
generating an anti-cancer agent, 8-Hydroxyoctanoic acid (8-HOA). The suppression of 
AA can be achieved through knockdown of the Delta-5-desaturase (D5D, an enzyme 
which converts DGLA to the downstream omega-6, Arachidonic acid) [8-11]. After 
systematical studies, Qian et al revealed that 8-HOA possesses anti-cancer capabilities. 
The study also showed that DGLA combined with anti-cancer treatment drugs, aids in the 
synthesis of more 8-HOA in the cells thereby significantly increasing the efficacy of the 
treatment. The threshold concentration of 8-HOA in the cells is 0.5 µM/106 cells  
(0.08 parts-per-million) which indicates a significant inhibition of tumor growth and 
metastatic potential. With this discovery, it becomes imperative that 8-HOA levels need 
to be measured or monitored especially before and during the cancer treatment process. 

While the discovery of 8-HOA as an anti-cancer agent is still quite new, there are limited 
literature available discussing the detection of the 8-HOA compound. In general, Liquid 
Chromatography/Mass spectroscopy (LC/MS) has been the main detection method  
for 8-HOA, as described in Qian's work [9]. Due to 8-HOA's free radical nature, several 
pre-treatment steps are required to stabilize the compound prior to injection into the 
LC/MS. Although being accurate, the LC/MS method is expensive and time consuming 
due to the complexity of sample pre-treatment before detection. This limitation will incur 
more cost due to the existent of high-cost of cancer treatment processes, such as 
chemotherapy, radiotherapy and surgery. Therefore, it is urgent that a low-cost, highly 
sensitive, and reliable method of 8-HOA detection needs to be developed. 

With the development of advanced nanomaterials, in particular, a new family of 2-D 
nanomaterial called MXenes [12], the frontier has been remarkably extended in the field 
of biomedical sensing as a number of diseases can now be effectively detected. The 
MXene nanomaterial was first discovered by a research group from Drexel University in 
2011 [13]. As shown in Fig. 5.1, MXenes have a layer-structure with (n + 1) layers of M 
(the early transition metal, such as V, Ti) connected by n layers of X (carbon and nitrogen) 
using a general formula: 

 Mn+1Xn, (5.1) 

where n = 1 – 9 [14-16]. 
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Their hydrophilic nature of hydroxyl, oxygen and fluorine terminated surfaces, excellent 
conductivity and special surface functional groups, nano-sized MXenes (less than 20 nm 
in thickness) have shown great potential for sensing and biomedical applications. 

 

Fig. 5.1. SEM of (A) Ti3AlC2 MAX Phase, and (B) Accordion-like structure of Ti3C2MXene. 
Reproduced with permission Naguib et al [30]. 

This review will focus on a sensor device specifically for 8-HOA detection with variable 
concentration using 2D MXene nanosheets such as Ti3C2 nanosheets and V4C3 nanosheets, 
TiO2 Nanowires (NWs), nanocomposite consisting of Ti3C2 nanosheets & TiO2 NWs, and 
nanocomposite made by V4C3 nanosheets and TiO2 NWs. The sensitivities of 8-HOA 
detection using different materials were calculated. The comparison of sensing 
performance has been determined at the same concentration of 8-HOA and operating 
under same sensing conditions. The fundamental sensing mechanism for this type of 
sensor is based on a simple, easy to fabricate and low-cost chemiresistive sensor [15]. 

5.2. Experiments 

5.2.1. MXenes Synthesis and Characteristics 

5.2.1.1 TiO2 NWs Synthesis 

Commercial TiO2 nanoparticle (NP) P25 was utilized for synthesizing the TiO2 NWs at 
different temperature by hydrothermal method as outlined in referenced studies [17-21]. 
The TiO2 NW thin film was produced by drop-casting on a glass substrate patterned with 
gold electrodes and then annealed at 350 oC for 3 hours. 

5.2.1.2. MXenes Ti3C2 Synthesis 

The general synthesis of MXenes can be divided into two steps: 

The first step is to obtain the MAX Phase. For example, Ti3AlC2 MAX phase is fabricated 
using TiC, Ti, and Al powders, although the use of other elemental materials such as TiH2 
have been described in a separate report [22, 23]. These elemental constituents were put 
in the required stiochiometric ratio for the desired molar values in the MAX phase and 
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then ball-milled in absolute alcohol for 24 hours. The now blended powders are dried in 
a vacuum and sieved with a 100-mesh screen. They are then put in a flowing argon 
atmosphere, heated at a rate of 30 oC min-1 to final temperatures of 1200-1500 oC [23], and 
held for 15-60 min. Samples can be made in a range of 5-1000 g and show high purity of 
around 97 wt%. The purity of the Ti3AlC2 is not affected by the as synthesized mass, final 
temperature, and holding time. This method of MAX phase synthesis called the 
pressureless sintering method was also deemed suitable for synthesizing bulk MAX phase 
as described by Peng et al [23]. Other methods of MAX phase syntheses such as the Spark 
Plasma Sintering (SPS) and Hot Isostatic Pressing (HIP) have also been reported to have 
yielded near-complete densification around 95-99 % purity [24-28]. 

The second step is to yield MXenes by using an etching process. This is the key step to 
not only create the functional groups attached to the surface of the MXenes but also 
influence the spacing of the nanosheets. For Ti3C2, the aluminum in the synthesized 
Ti3AlC2 bulk material is etched from the bulk, leaving behind the Ti3C2 nanosheets with 
numerous interlayer spaces there by increasing the specific surface area of the resultant 
material [15, 29, 30]. This exfoliation process is achieved through immersion of the MAX 
phase in hydrofluoric acid (HF) at room temperature and various concentration of HF 
between 10 %wt to 50 %wt for different lengths of time [13, 14, 22, 30] and then dried 
for  
24 hours. There have been reports, which are successful using several other compounds 
as potent etchants for the Ti3C2 MXene synthesis [22]. Additionally, the choice of etchant, 
concentration and length of etching time affects the final morphology and surface 
functionalization, which consequently affects the sensing properties of the final product 
[31]. It is advisable to have XRD, EDX and FT-IR data of the resultant material to confirm 
the morphology and functionalization before the process can be considered successful. 
Other known etchants include Fluoride-based salts LiF, HCl and a couple of the bi-
fluoride-based etchants (NH4HF2, NaHF2 & KHF2) [29]. See Fig. 5.1 for before (Ti3AlC2 
MAX Phase) and after the etching process (Ti3C2 MXene): 

5.2.1.3. Ti3C2 MXene& TiO2 NWs synthesis 

The TiO2 NWs and Ti3C2 MXene nanocomposite film was made by mixing the solids with 
weight by 50:50 in ethanol and deposited by drop-casting on a glass substrate patterned 
with Au electrodes. The desired concentration of 8-HOA vapor was generated using a 
commercialized vapor generator (OVG-4, Owlstone, Inc.). 

5.2.2. Real-time Sensing Detection of Variable Concentration of 8-HOA 

Resistance changes of 2D MXenes, TiO2 NWs, MXene and TiO2 nanocomposites are 
observed after 1 parts-per-million (ppm) 8-HOA vapor generated from OVG-4 exposed 
onto sensing films. The sensing detection was performed at 10 % relative humidity (RH) 
and room temperature (RT), 22 oC, firstly without UV irradiation and then under a 388 nm 
UV irradiation for couple of minutes followed by purging with clean dry air for recovery 
of baseline conditions. The real-time resistance variance data was recorded and collected 
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by Keithley 6514 electrometer. Resistance value of each sensing material in dry air was 
considered as the baseline of resistance. 

5.3. Discussion 

Chemiresistive sensors belong to a class of chemical sensors whose basic principle of 
detection is based on the chemical interactions due to adsorption and desorption of analyte 
molecules on the sensing materials [32, 33]. These chemical interactions result in a 
relative change in electrical resistivity or conductivity of the sensing material. 
Chemiresistive sensors have been found to enable sensing many kinds of gases such as 
NOx, NH3, H2, SO2, CO, and organic vapours such as of acetone, formaldehyde or 
methanol [34]. Attractive features of this type sensor also include high sensitivity, fast 
response, easy fabrication, simple, and low cost. Chemiresistive sensors based on metal 
oxide semiconductors (MOS), have been increasingly studied lately as they are able to be 
miniaturized with capability of detecting numerous chemical species [35, 36]. There are 
many MOS, such as ZnO, SnO2, WO3, and TiO2 which have been extensively studied. 
TiO2, as a wide band-gap and intrinsically n-type semiconductor, stands out as one 
promising sensing material because of its large surface area, extraordinary chemical 
stability, photocatalytic activity, resistance to harsh atmospheric conditions, non-toxicity 
and low production cost [35-37]. Generally, the detection mechanism of TiO2 relies on its 
photo-stability and suitable oxidation and reduction potential [38], which has been 
reported in many studies [35, 37, 39, 40]. However, detection of fatty acids like 8-HOA 
using TiO2 material has not been reported yet. Prakash et al reported the potentials of TiO2 
as a perfect semi-conductor material for carboxylic acid detection due to its inherent 
photo-catalyzed oxidative property, which enables the degradation of organic compounds 
in the presence of ultra-violet light [41]. Some of the carboxylic acid used in the study 
include carboxylic acids with main carbon chain lengths ranging from 1 to 8. Kosanić, 
Chen and Mao in their separate studies, have confirmed that the advantages of photo-
catalytic degradation (PCD) method using TiO2 over other conventional fatty acid 
detection techniques such as the LC/MS are its low cost, low complexity, and chemical 
inertness of the photo-catalyst [42].Unfortunately, the poor conductivity of intrinsic TiO2 
poses a challenge for realizing oxidative gaseous sensors [35, 43]. Various approaches 
have been reported to significantly address this limitation; such as improving the 
conductivity of TiO2 through addition of catalysts, ultraviolet (UV) irradiation and 
dopants like metals or semiconductors [43-46]. Also, like most MOS based 
chemiresistors, TiO2 based chemiresistive sensors have to be operated at elevated 
temperature. This is because the sensing mechanism of MOS-based chemiresistors 
determine the conductivity change caused by surface absorption and charge transfer can 
only happen at high temperature [35, 36, 43]. This is another critical limitation in 
achieving portable devices due to large power demand required to drive a heater.  

In this review, two methods have been explored to overcome the limitations mentioned 
above in order to improve the TiO2 NWs conductivity and lower the operating temperature 
by achieving higher sensitivity of 8-HOA detection. These methods include: UV 
irradiation to induce photoconductivity and make composite of TiO2 NWs with high 
conductive materials such as MXene nanosheets. The method of TiO2 NWs using UV 
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irradiation offers an advantage of room temperature sensing since the photoconductivity 
helps electrons overcome the wide band-gap and increase charge transfer efficiency. This 
leads to a low-power consumption of sensing device [35, 47]. On the other hand, using 
Ti3C2 MXene nanosheets,  a large family of 2D MXenes with general formula [48, 49]: 

 Mn+1XnTx,  (5.2) 

(where M is the transitional metal, X is the C and/or N, Tx denotes -OH, -F, and = O  
surface groups.) to make TiO2-Ti3C2 nanocomposite can further promote charge transfer 
and dissipation within materials. This method, as described below, was proved to 
significantly decrease the operating temperature with maintaining excellent response to 8-
HOA. This is because MXenes are highly conductive materials and are likely to yield low 
signal noise [15, 50]. In addition, MXene can easily do surface functionalization through 
post treatment during synthesis as discussed before. Their intrinsic high SNR, large 
surface area and rich surface functional groups make 2D MXenes be the excellent 
candidate for  application of sensitively and selectively detecting 8-HOA by combining 
with TiO2 nanowires. 

5.3.1. Material Characterization 

The morphology of the as-synthesized TiO2 NWs in our group was studied using Field 
Emission Scanning Electron Microscope (FE-SEM) as shown in Fig. 5.2A. The SEM 
depicts densely assembled TiO2 NWs ranging from 2-4 µm in length. Depending on the 
desired application, various sonification treatment influences characteristics of the TiO2 
NWs [51]. For the as fabricated TiO2 NWs, extended sonification can be used to separate 
the almost bundle-like appearances as well as making them longer. Noticeably, they 
showed good compositional uniformity and high crystallinity along their entire length. 

 

Fig. 5.2A. FE-SEM image depicting as-synthesized TiO2 NW with X20, 000 magnification. 

The morphology, structure and surface functionalization of the Ti3C2 and V4C3 MXenes 
were studied using SEM, XRD and FT-IR. 
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SEM image of as-synthesized Ti3C2 in Fig. 5.2B indicates the flakes were assembled into 
a uniform film with a flat surface and no defects. The size of the MXene flakes have been 
suggested to have a significant influence on the electrical conductivity of the MXene 
where free standing films produced from larger size Ti3C2 flakes showed higher electrical 
conductivity (600-800 S/cm) than other solution processed organic materials [50, 52]. The 
flake size – electrical conductivity relationship is an important factor in sensing 
applications in order to achieve a high SNR. XRD patterns of the Ti3C2 MXene in  
Fig. 5.2C were taken after etching MAX phase. The peaks marked in XRD spectrum 
confirmed the presence of the MXene phase [15, 53]. 

 

Fig. 5.2B. FE-SEM image depicting as-synthesized Ti3C2 MXene with X25, 000 magnification. 

 

Fig. 5.2C. XRD spectrum of as-synthesizedTi3C2 MXene. 

The FT-IR study in Figs. 5.2D-5.2F indicates the different surface functional groups 
showing on materials of TiO2 NWs, Ti3C2 MXene, and Ti3C2 MXene/TiO2 nanocomposite. 
All materials contain functional groups -OH and -O. This is in consistency with previous 
reports. All films have a hydrophilic surface functionality for interaction with the analyte, 
8-HOA molecules [15]. 
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Fig. 5.2D. FT-IR spectrum of Ti3C2 MXene showing the -OH, -O surface functionalization. 

 

Fig. 5.2E. FT-IR spectrum of TiO2 nanowires showing -OH surface groups and characteristic 
TiO2 peaks. 

 

Fig. 5.2F. FT-IR spectrum for the as-synthesized Ti3C2 MXene-TiO2nanocomposite showing  
the -OH, O surface functionalization. 
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Fig. 5.2F depicts the functionalization of the MXene-TiO2 NWs nanocomposite which 
illustrates the combination of all functional groups in the elemental materials (Ti3C2 

MXene and TiO2). This suggests that the nanocomposite material confers more junctions 
and consequently increases the number of surface sites to trap charges during interaction 
with 8-HOA. 

5.3.2. 8-HOA Sensing Response Tests 

The real-time resistance readings for the materials' response was recorded. The gas 
response is defined as the relative change in the materials' electrical resistance upon vapor 
injection into the chamber compared to the baseline resistance. Expressed as: 

 Sensitivity, S = ∆R/Rair × 100 % (5.3) 

Here ∆R is the change in resistance under UV irradiation or without UV irradiation, Rair 
is the baseline resistance, SNL% is the Sensitivity under No UV irradiation, SL% is the 
Sensitivity under Laser UV irradiation. 

Fig. 5.3 indicates that the TiO2 NW/MXene films without UV irradiation have higher 
response to 1 ppm 8-HOA comparting to other sensing materials, TiO2 NWs, Ti3C2 
nanosheets. With UV irradiation, Ti3C2-TiO2 nanocomposite shows the highest sensitivity, 
46.70 % to 8-HOA. The high sensitivity of Ti3C2-TiO2 nanocomposite can be explained 
due to a combination of surface properties between TiO2 NWs and Ti3C2 MXene, such as 
higher specific surface areas of the TiO2 NWs and Ti3C2 flakes, excellent electric 
conductivity of the Ti3C2 MXenes, abundant functional groups, and more surface states 
caused by junctions. All of these can promote the interaction between Ti3C2-TiO2 
composite and 8-HOA, thereby resulting result in stronger sensing response. 
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On the other hand, recently, reports on the photocatalytic properties of Ti3C2 MXenes have 
been explored [54]. M Khazaei et al, found that the photocatalytic abilities of some 
MXenes. The electrical properties of these MXenes can become semiconductor if they 
were irradiated by visible light. The production of hydrogen by water splitting on their 
surfaces under sunlight is another evidence of photocatalytic reactions. The photocatalytic 
process in MXenes is similar to the process occurring in the TiO2. They all involve 
electron-hole pair generation in the material by absorbing certain wavelength of light. 
These materials possess a band gap larger than 1.23 eV for the absorption of visible light 
and has redox potentials located between the valence and conduction band edges  
[54, 55]. A. Shahzad et al further showed that the hetero-structural characteristics of 
metallic MXenes such as the Ti3C2 and V4C3 combined with TiO2 can be used for various 
photocatalytic reactions, where the photocatalytic activity ofTi3C2Tx was reported to 
sharply increase with TiO2. The Hydrogen evolution reaction (HER) was observed to be 
improved by 400 % [56]. Another report indicates that TiO2 nanostructures grown on 
Ti3C2 showed enhanced photocatalytic performance at 2.8 times higher than that of pure 
TiO2 for CO2 reduction. This increase in the production could be linked to the position of 
the TiO2 conduction band edges, which is more negative than the Fermi energy of the 
MXene; hence, electrons are transferred to Ti3C2 with a smaller energy barrier. Therefore, 
an electron-hole pair can be easily separated without recombination [54, 57]. This can 
lead to an excellent charge transfer. 

In summary, this theory can be used to explain why lower resistance was obtained during 
the sensing testing under UV irradiation on materials (TiO2 NWs, Ti3C2 Nanosheets, and 
Ti3C2-TiO2 NWs) compared to values recorded during the testing without the UV 
irradiation on the same materials. Additionally, it indicates why higher sensitivity was 
observed on TiO2 NWs and Ti3C2-TiO2 nanocomposites under UV illumination. 

Further studies regarding the sensing mechanism still need to be explored. As for sensor 
devices based on nanocomposite, we need to further increase its sensitivity to 8-HOA 
down ~ 0.08 ppm, the threshold of anti-cancer effect. In the meanwhile, we need to 
address the stability issue of TiO2 NWs-MXene nanocomposite as sensing materials since 
our preliminary results showed baseline shift issues during the sensing tests. 

5.4. Conclusion 

The suitability of the TiO2 NWs- Ti3C2 MXene films for chemiresistive detection of 8-
HOA has been reviewed and preliminary results have been presented. Experimental 
results indicate that TiO2 NWs-Ti3C2 nanocomposite showed a significant sensitivity to 
8-HOA at concentration of 1ppm under UV irradiation. This is a new sensing technique 
based on 2D MXene nanosheets and 1D nanowires with great potential in application of 
sensitive sensor devices, which can sensitively and selectively detect low concentration 
of 8-HOA in cancer cells as tool of cancer treatment and prevention. Also, this study can 
establish a foundation of a new type of sensors based on 2D MXenes to detect extreme 
low concentration components from parts-per-trillion (ppt) to parts-per-billion (ppb) with 
high selectivity and good stability. 
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Chapter 6 
Humidity Measurement in Gases 

Roland Wernecke and Jan Wernecke1 

6.1. Humidity Measurement Methods 

Humidity measurement is a complex topic that requires extensive knowledge of the 
underlying physical principles, the specifics of a wide range of available measurement 
technologies, the methods of industrial process control, and practical experience in facility 
control systems. Humidity of different concentrations plays a significant role in almost 
any step of processing, for example, as a quality monitoring parameter that must be kept 
within a defined range, or simply as a disturbance variable that needs to be compensated 
or accounted for. Measurement techniques for gas humidity measurement are most 
frequently based on fundamental thermodynamic effects [1]. The different methods used 
to measure the humidity in gases are shown in Fig. 6.1. 

The top three lines of Fig. 6.1 describe the physical states of the gas. The three lower lines 
describe the types of humidity sensors and instruments. 

6.2. Thermodynamic Terms in Humidity Measurement 

More specifically, in the field of moisture and humidity measurement in gases, the 
relevant thermodynamic parameters are: 

- Pressure (water vapor pressure or total gas pressure of a system); 

- Gas temperature; 

- The amount of types and concentration of particles. 

                                                      

Roland Wernecke  
Feuchtemesstechnik GmbH, Germany 
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Fig. 6.1. Gas Humidity measurement sensors [3]. 

The transition between thermodynamic equilibrium states can be described by an equation 
of state that is, in the case of the water vapor content of a monoatomic gas, the ideal gas 
law 

 P × V = m × R × T × 1/M, (6.1) 

where P is the gas pressure, V is the gas volume, M is the total gas mass,  
R is the (universal) gas constant, T is the absolute temperature, M is the molar  
mass of gas. 

The most important terms used to describe the humidity in gases are the following  
(Table 6.1). 

Table 6.1. Thermodynamic terms. 

Thermodynamic value Symbol Unit
Water vapor e hPa 
Saturated water vapor ewvs hPa 
Temperature of gas T °C; K 
Dew point; Frost point Td; Tf °C; K 
Psychrometric difference  
(wet-bulb temperature) 

Tw; T´ °C 

Relative humidity U %r.h 
Absolute humidity a g/cm3 
Mixing ratio r g/g 
Concentration (parts per million) fm ppm 
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The parameters can be converted into one another. In addition to the physical parameters 
defined earlier, alternative, more application-specific definitions have evolved. 

6.3. Overview of the Most Commonly Used Humidity Measurement Devices 

Table 6.2 shows the important humidity sensors and typical applications. 

Table 6.2. Principles to measure the humidity in gases. 

Measurement principle Range Application (example) 
Coulometric Sensor Trace humidity Process control; laboratory 
Metal oxide Sensor Trace humidity Process control 
Micro balance devices Trace humidity Laboratory 
Dewpoint hygrometer Trace, medium humidity Laboratory 
Optical hygrometer Trace, medium, high humidity Meteorology; process control 
Lithium-chloride sensor Medium humidity Meteorology 
SAW Devices Medium humidity Process control; HVA 
Capacitive polymer sensor (2…100)% r.h. HVA; Drying; water activity 
Psychrometer  (5…100)% r.h. 
Resistive sensors (10…90)% r.h. HVA; laborat.; wateractivity 
Indicator (10…90)% r.h. Storage; transport 

Zirconium oxide sensors 
High humidity, high 
temperature 

Drying processes 

Acoustic sensors 
High humidity, high 
temperature 

Textile industry 

 

All the principles used to measure the humidity in gases can also be used to measure the 
moisture in liquids and solid materials. It is necessary to adapt the sensor for different 
materials. 

6.4. Principles of Humidity Measurement in Gases 

6.4.1. Dew Point Hygrometer 

The physical principle of a dew point mirror is basically a sensitive surface that is cooled 
in a defined manner (Fig. 6.2). The gas close to the surface is also cooled, which results 
in a decrease in the amount of water that can be absorbed. At a certain temperature, the 
saturation water vapor pressure ewvs is reached as water vapor condenses at the surface as 
liquid or crystalline water. This temperature corresponds to either the dew point or the 
frost point of the gas. Other parameters related to gas humidity such as absolute humidity, 
relative humidity, water vapor pressure, and so on, can be derived from the dew point 
temperature of a gas. The condition of condensation is usually checked visually. To 
increase accuracy, this can be performed using a microscope. Careful visual observation 
is also important in order to differentiate between liquid and crystalline condensation. This 
determines if the condensation temperature is to be interpreted as the dew point 
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temperature (Td) or the frost point (Tf) temperature. Humidity measurement with dew 
point devices is a very precise and accurate method that is primarily used for laboratory 
applications. However, there are also specially designed devices available for applications 
in industrial processes, for environmental measurements, and in the building services 
sector. Dew point instruments typically consist of: 

- A sensitive surface (optical mirror, ceramic capacitor, semiconductor) where 
condensation takes place; 

- A cooling and heating unit (typically a Peltier element), with precise temperature 
control, beneath the sensitive surface; 

- A signal (light, electrical current or voltage at a resistor, capacitance, semiconductor 
device) that changes rapidly when condensation occurs; 

- A temperature sensor for precise measurement of the surface temperature; 

- A temperature sensor to measure the gas temperature; 

- Analysis and signal processing devices; 

- A control unit for automatic cleaning, data analysis, gas flow, velocity control, etc. 

In order to reach dew point temperatures of Td < -80 °C, a combination of several Peltier 
elements is possible. For this purpose, the warm side of a Peltier element is connected to 
the cool side of another Peltier element. Another strategy that can be used to reach low 
dew point temperatures is by the application of coolants. 

 

Fig. 6.2. Working principle of a Dewpoint Mirror Instrument. 1: LED as light source.  
1a: Reference signal. 2: Highly reflective surface (mirror) with a temperature sensor.  

3: Heating unit. 4: Optical receiver. 4a: Optical reference signal receiver. 
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Dew Point Mirror Instruments The sensitive surface of a dew point mirror device is a 
smooth optical mirror. Dew point mirrors are primarily used for high-precision 
measurements in the laboratory. When the dew point of the gas is reached, condensation 
at the mirror causes a pronounced reduction in reflectivity [2]. As shown in Fig. 6.2, the 
light emitted by LED 1 is scattered, and detected by diode 4. A reference signal (generated 
by LED 1a and detected by diode 4a), for the compensation of external influences such as 
stray light, is also implemented into the device. The quality of the temperature control is 
the main determinant of the precision of the measurement. The typical performance of 
dew point mirror instruments is shown in Table 6.3. 

Table 6.3. Typical technical specifications of dew point hygrometers. 

Parameter Unit 
Dew Point 

mirror 
CCC sensor SAW sensor LiCl sensor 

Dew point temp. °C Td -100 to 90 -10 to 100 -75 to 60 -30 to 100 
Relative humidity %rh    12-100 
Ambient temp. °C -85 to 90 -10 to 100 -75 to 80 -70 to 100 
Gas flow  10 Nl min-1 0-0.3 m s-1 0-2 Nl min-1 0-0.3 m s-1 
Operating 
pressure 

Pa 10-1-106 (1-16) × 105 (1-20) × 105 Atm. Pres. 

Meas. uncertainty °C Td +0.1 +0.5 +0.2 +1 

Measured good  
Gas Non-
aggres. 

Ambient air 
Gas Non-
aggres. 

Gas (NH3, H2S) 

Measur. duration min 10 < 3 < 5 3 
 

Dew Point Measurement Devices according to Heinze Instead of an optical system 
consisting of a mirror and a light source, dewpoint measurement devices according to 
Heinze make use of a stray field capacitor as a sensitive surface (Fig. 6.3). 

 

Fig. 6.3. Dew point measurement instrument (CCC) according to Heinze. 

The specifically developed sensor is a miniaturized condensation controlled capacitance 
(CCC) and can be used for a variety of standard measurement tasks in climate control and 
for industrial processes. Condensation at the capacitor surface, due to cooling, causes a 
change in capacitance, which can be detected using an electronic circuit. The measuring 
signal is an electric signal, which makes integration into a more complex electronic system 
straightforward. 



Physical and Chemical Sensors: Design, Applications & Networks 

 144

Dew Point Measurement Device Surface acoustic waves (SAW) are also a suitable tool 
for the detection of condensation when reaching the dew point. The sensitive surface is a 
ceramic (Fig. 6.4) with an attached oscillator and a receiver for acoustic waves. 
Condensed water at the surface attenuates the generated acoustic surface wave, which is 
detected by the receiver. 

 

Fig. 6.4. Surface acoustic wave (SAW) dew point measurement instrument.  

Lithium Chloride Dew Point Measurement Device The technique of dew point 
measurement using lithium chloride (LiCl) differs from those of the methods described so 
far. It is based on the principle that the water vapor pressure above a saturated salt solution 
is always lower than that above purified water at the same temperature. The vapor pressure 
above the salt solution can be increased to the purified water value by an increase in 
temperature [8]. A saturated LiCl solution has a low water vapor pressure (corresponds to 
U ~ 12 %rh), which is why it absorbs water from the surrounding gas. The water 
absorption only stops when: 

- The temperature of the sensitive surface coated with LiCl reaches a value where the 
water vapor pressure of the solution is equal to that of the purified water;  

- Or, the salt is completely dissolved, rendering the sensitive surface ineffective. 

A typical LiCl humidity sensor (Fig. 6.5) consists of: 

- A sensitive surface coated with LiCl, above a carrier substrate; 

- A temperature sensor for surface temperature measurement;  

- A heater electrode with a control unit. 

 
Fig. 6.5. Setup of a LiCl dew point sensor. 

The heater electrode is connected to the electrically conductive LiCl surface. The 
application of a voltage results in the flow of an electrical current and the surface warms 
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up. Water in the layer is evaporated and thus reduces the electrical conductivity of the 
surface. This can be observed by a decrease in the heating current. The set value is reached 
when the water vapor pressure reaches that of the ambient air or gas. The conductivity of 
the LiCl layer is low at that point and the temperature is adjusted to the set value. The 
measured temperature is a direct measurement for the water vapor difference between the 
sensitive surface and the ambient gas. The LiCl layer absorbs water again if the ambient 
water vapor pressure increases. Consequently, the heating current also increases until the 
set value is reached. In this way, the device is a self-adjusting system that sets itself to an 
equilibrium state in water vapor pressure. 

6.4.2. Psychrometer 

The measured parameter of a psychrometer is the evaporation energy as a function of gas 
temperature. During a measurement, the energy output due to the evaporation of water 
from a surface is determined. A moistened thermometer (wet bulb thermometer) is 
exposed to a constant airflow (Fig. 6.6). Water from the wet volume around the 
thermometer is incorporated by the airflow until saturation is reached. The amount of 
absorbed water corresponds directly to the temperature reduction at the thermometer 
because the required energy for evaporation per unit mass remains constant. A second 
thermometer in a dry environment (dry thermometer) is used to measure the ambient 
temperature. The temperature difference between the wet bulb thermometer and the dry 
thermometer yields the evaporation energy and, thus, the relative gas humidity by 
comparison with standardized psychrometer tables, or by mathematical conversion. A 
conversion to other humidity parameters such as dew point, absolute humidity, and so on 
is also possible. 

  

Fig. 6.6. Setup of an Assmann Psychrometer Left: Standard Instrument [9]; Right: Setup. 

A psychrometer (Table 6.4.) typically consists of: 

- Ventilation to generate a constant airflow; 

- A thermometer for measurement of the wet bulb temperature; 
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- A thermometer for measurement of the dry temperature of the airflow; 

- A moisturizer with a water reservoir and a supply line to the wet bulb thermometer. 

The instrumental constants of the psychrometer, also called psychrometric constants, must 
be determined with high accuracy as they are the limiting factors for the achievable 
measurement accuracy and reproducibility. The Assmann psychrometer is still important 
for meteorological and environmental measurement tasks. 

Table 6.4. Typical technical specifications of an Assmann psychrometer. 

Parameter Unit Specification 
Range %rh 20-100 
Relative humidity accuracy %rh 1-1.5 
Temperature accuracy K < 0.1 
Measured good  Air, gas 
Temperature range °C -30 to 80 
Ventilation speed m s-1 2.5-3.0 

Measurement duration min 
3-6; Inline measurement possible, 
Standard method in meteorology 

 

Impact Jet Psychrometer This type of psychrometer is primarily used for industrial 
applications in highly contaminated environments. The device is designed in such a way 
that the components are not corroded by acids and salts, and without a cotton fabric at the 
wet bulb thermometer. Instead, the gas to be measured is guided over a water surface, 
where the temperature decrease due to evaporation is measured using a precision 
thermometer. This facilitates a low maintenance operation, as dust and dirt particles from 
the gas flow are simply incorporated into the water and flushed away. For measurement, 
a gas sample is extracted from the main gas flow and guided to the psychrometer through 
heated feed lines. Impact jet psychrometers can be found in exhaust gas facilities, 
chimneys, and industrial gas filters for gas humidity monitoring. The devices can be 
operated in gas temperatures up to around 180 °C. 

6.4.3. Capacitive Polymer Sensors 

The physical principle used to measure the humidity is based on the detection of a change 
in capacitance of moisture variations. For this purpose, a hygroscopic polymer is placed 
between the capacitor electrodes. The material absorbs water from the environment. The 
amount depends on the ambient humidity and temperature. This results in a variation of 
the dielectric permittivity of the capacitor and thus of the capacitance. The value is 
compared to the dry state capacitance and is a direct parameter for the relative ambient 
humidity. 

Capacitive polymer sensors (Fig. 6.7) are, at present, the most frequently used sensors for 
gas humidity measurements. A sensor typically (Table 6.5.) consists of: 

- A substrate as a carrier plate (e.g., glass, PFTE/Teflon, ceramics); 
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- A base electrode (gold, chromium, nickel, or similar); 

- A hygroscopic dielectric material; 

- An upper electrode that is permeable for water molecules. 

The sensor layout can be configured in different designs depending on the intended 
application. 

  

Fig. 6.7. Typical setup of a capacitive polymer sensor; Left: Setup of a sensor; Right: miniature 
Sensor (Comp. Sensirion AG). 

Table 6.5. Typical technical specifications of capacitive polymer sensors. 

Parameter Unit Specification 
Range %rh 2-100 
Electric capacity (at 0 %rh) pF 200-500 
Measuring temperature °C -50 to 200 

Gas flow m s-1 
0-3; without filter,  
3-100 with filter 

Operating pressure Pa 1×103 – 5×106 
Measurement uncertainty %rh < 2 
Measured good  Air, gas 
Measurement duration s < 10 
Maintenance cycles Long-term stability < 1 %rh/a  

Dimensions L×W×H mm 
Typically 10×10×1; 

SMD 2×2×1 
Range %rh 2-100 
Electric capacity (at 0 %rh) pF 200-500 
Measuring temperature °C -50 to 200 

Gas flow m s-1 
0-3; without filter,  
3-100 with filter 

Operating pressure Pa 1×103 – 5×106 
Measurement uncertainty %rh < 2 
Measured good Air, gas  
Measurement duration s < 10 

Maintenance cycles  
Long-term stability 

< 1 %rh/a 
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The sensor is usually placed directly in the gas flow. In the case of high flow velocities, 
filters, in the shape of capsules or discs, are put onto the sensor to increase stability and to 
provide a mechanical protection for the sensor. Several aspects must be taken into 
consideration when choosing whether or not a filter is suitable for application. 

6.4.4. Coulometric Measurement 

Coulometric measurements are based on the ability of phosphorous pentoxide (P2O5) to 
absorb water vapor from its surroundings. One of the reaction products is metaphosphoric 
acid, HPO3. Keidel [4] developed a technique of electrochemical dissolution of water at 
the hygroscopic phosphorous oxide layer. A gas stream with a low water content is guided 
along a hygroscopic layer of P2O5. Water vapor from the gas is absorbed (Fig. 6.8) and is 
decomposed through the application of an electrical field. According to Faraday’s law of 
electrolysis (equation (6.2)), an electric current occurs, which is proportional to the mass 
of absorbed water vapor mwater. Thus, measurement of water vapor mass is traced back to 
an electric current measurement, i.e. 

 Q = I × t = F × a = z × F × mwater / Mwater, (6.2) 

where Q is the electric charge, I is the electric current, a is the absolute humidity,  
z is the number of exchange electrons, F is the Faraday constant, F = 96484 A s mol-1, 
mwater is the Mass of absorbed water vapor, Mwater is the Molar mass of water, t is a time. 

 

Fig. 6.8. Setup of a coulometric trace humidity sensor. 

The chemical reaction that takes place is an equilibrium process. This means that the two 
reactions 

 P2O5 + H2O   HPO3, 2HPO3   H2 + ½ O2 + P2O5  (6.3) 

take place in both directions at the same time and at a constant rate, if no perturbation 
from the outside is present. Hence, the reactant P2O5 can be retrieved by water removal 
and the sensitive layer does not wear off with continued use. In the case of an incomplete 
reaction between ambient water vapor and P2O5, a dynamic equilibrium between both 
reactions is reached at a constant pressure and gas flow. The measured electric current is 
directly proportional to the (absorbed) water vapor in the sample. It is possible to measure 
water vapor concentrations in gases within a range of (0.1 to 2000) ppmv or, expressed in 
terms of temperature, within a frost point temperature range of Tf = -90 °C to -10 °C. P2O5 
has long been known to be an excellent drying agent for the removal of residual humidity. 
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When a voltage is applied to a P2O5 layer, it also acts as a sensitive humidity sensor. A 
coulometric measurement setup typically contains: 

- A sensitive surface layer with two electrodes, the typical voltage being U > 2 VDC; 

- A constant gas flow over the surface, which encloses the sensor completely; 

- A measurement enclosure with a fixed volume; 

- And an ampere meter to measure the dissociation current. 

The water content in the sample is determined by measurement of the electric current at a 
constant voltage (Table 6.6). 

Table 6.6. Typical technical specifications of coulometric trace humidity sensors. 

Parameter Unit Specification 
Measurement range ppmv 0.1-2000; or dew point: (-100 to 10) °C Td 
Measurement uncertainty ppmv +5 
Flow rate Nl min-1 10-100 
Measured good  Air, gases, aggressive gases 
Measuring temperature °C -40 to 60 
Measurement duration t90 s 30; inline measurement possible 

 

Advantages Coulometric measurement devices are very robust (Fig. 6.9). A sensor can 
be regenerated by the simple application of phosphoric acid solution, which can be carried 
out by the user. A new calibration is not necessary and the sensor is ready for operation 
immediately after the process. Furthermore, the sensor characteristic (dependency 
between water content and electric current) is linear up to a concentration of 1500 ppmv. 
It is also possible to operate coulometric sensors in gaseous atmospheres with aggressive 
components (e.g., Cl, HCl). 

    

Fig. 6.9. Different shapes of coulometric sensors; Left: Sensor chip; Right: Sensor with flange. 

6.4.5. Metal Oxide Sensors 

Metal oxide sensors can be used to determine the humidity of gases at very low water 
concentrations (trace humidity regime). Metals and semimetals such as titanium, nickel, 
aluminum, tantalum, silicon, manganese, chromium, or zinc can be used as a base 
material, with aluminum being the most frequently utilized material. 
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A carrier layer of aluminum (Fig. 6.10) is covered by a layer of Al2O3, which has defined 
capillaries and cavities. The diameter of the voids and capillaries is only slightly larger 
than the size of water molecules. Other gas molecules, for example, CO2 and N2, are larger 
than H2O, which results in a distinct selectivity of the Al2O3 layer with respect to water. 
Absorbed water in the capillaries changes the electrical properties of the aluminum back 
electrode, most notably the capacitance. A second electrode is placed on top of the 
aluminum oxide layer as a porous capping layer. The measured parameter is the complex 
electrical resistance of the electrical network of capacities, inductances, and ohmic 
resistances between the electrodes. The variation of the parameter depends on changes in 
the absolute humidity of the gas. The physical principle of measurement is the same for 
both metal oxide sensors and capacitive polymer sensors. The principal difference 
between both methods is that the water absorption of metal oxide sensors is virtually 
unaffected by temperature variations. Thus, the absolute water content (or dew point) of 
a gas is measured using metal oxide probes. Capacitive polymer sensors, in contrast, 
determine the relative gas humidity. 

    

Fig. 6.10. Metal-oxid trace humidity sensor, Left: Setup of a sensor ([5], Comp. Systech Illinois; 
Right: Sensor with chamber (Comp. Michell Ltd.). 

The devices are, in most cases, delivered with a factory-set calibration. A subsequent 
variation of the characteristic curve of the sensor is, in this case, not possible. The output 
parameter of aluminum oxide sensors is the absolute water content (usually calibrated to 
dew point or ppm). The output signal is an analog (current, voltage) or digital standard 
signal. Aluminum oxide sensors are subject to a gradual drift over time, in spite of 
artificial aging of the oxide layer and other steps for compensation during manufacturing. 
Because of this, regular checks and renewed calibration by the manufacturer are necessary 
(Table 6.7). 

Table 6.7. Typical parameters of a metal oxid sensor. 

Parameter Unit Specification 
Range °C Td -110 to 20 
Measuring temperature °C -20 to + 60 
Flow volume Nl min-1 0-10 
Operating pressure Pa 10-3-106 
Measurement uncertainty K +2 
Measurement duration s < 1 
Maintenance cycles  Regular control; drift; not in aggressive gases 
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The most frequent application for aluminum oxide sensors is humidity monitoring in gas 
pipes. The device can operate under high gas pressure and the implementation can be 
easily performed through flanges. 

6.4.6. Measurement of the Optical Properties of Water and Water Vapor 

Humidity measurement with infrared light is based on the detection of infrared 
radiation, which is partially reflected, absorbed, or transmitted through the sample 
material. The spectrum of the infrared source can be monochromatic or can consist of 
several discrete wavelengths. Infrared light is defined as electromagnetic radiation with a 
wavelength longer than that in the range of visible light (> 800 nm). Infrared optical 
methods can be used for moisture measurement in liquids and solids, as well as for 
humidity measurement in gases. The utilized wavelength or spectrum has to be fitted to 
the specific measurement situation: 

- The type of water bonds; 

- The presence of free water and water vapor; 

- The presence of other components that may also interact with the radiation;  

- The expected percent water content in the sample. 

Infrared hygrometers can be used for the measurement of high humidity and moisture, as 
well as for very low concentrations in the range of ppmv. 

Tunable Diode Laser Spectroscope (TDL) Diode lasers have a narrow spectral 
bandwidth and the emission wavelength can be tuned. This is done by varying the 
injection current (pulsed wave mode) or by a variation in temperature (continuous wave 
mode). The main advantage of measurement using diode lasers is the high energy density 
of the beam, which allows: 

- Long measurement distances; 

- High resolution; 

- High sensitivity. 

TDL is used for industrial measurement tasks and for gas analysis. 

The measurement with ultra-violet (UV) radiation is also based on the detection of the 
transmitted, reflected, absorbed, or fluorescent fraction of light after propagation through 
the sample. In contrast to IR, the wavelength is much shorter, typically in the range of  
(1-200) nm. There are several emission lines, i.e., single wavelengths, which are of 
particular significance in moisture and humidity measurement due to their high selectivity 
to water. Devices with UV spectrum are found in remote sensing of the atmosphere and 
in laboratory applications. 

Optical fiber devices are used for relative humidity measurements of environmental air. 
Light, typically in the infrared range, with a wavelength of (670-850) nm is coupled to an 
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optical fiber, which guides the light toward the sensitive substrate (Fig. 6.11). The 
substrate acts as a Fabry–Pérot interferometer, that is, the light is reflected many times at 
the interfaces and thus travels a long way through the substrate. A variation in humidity 
changes the spectral properties of the refractive index of the substrate, which results in a 
shift of absorption peaks. Transmitted light is collected by a second fiber and guided to a 
receiver for spectrally resolved detection. The shift in wavelength between entry and exit 
is directly proportional to the water vapor content of the probed volume [6]. A humidity 
measurement device based on optical fibers typically consists of: 

- A light source (e.g., IR diode); 

- An optical fiber to guide the light toward the substrate; 

- A substrate sensitive to water, whose interfaces act as a Fabry-Pérot interferometer; 

- Another optical fiber to guide the measuring signal to a diffraction grating; 

- A diffraction grating for spectral resolution; 

- An electronic unit for signal processing, analysis, and display. 

The sensitive substrate is formed by layers of organic gelatins or metal oxides. 

 

Fig. 6.11. Fiber optics humidity measurement system for gases and liquids. 

The hygroscopic properties of the latter are well known from metal oxide moisture 
measurement devices. Some noteworthy properties of metal oxides are: 

- High thermal stability; 

- Low sensitivity to cross-sensitivities; 

- Pore sizes around 0.3 nm (size of water molecules); 

- Chemical neutrality with respect to water; 

- Technologically well-established production process. 
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Another Optical humidity measurement sensor with fiber optics coupling is based on the 
fact that the incorporation of water in pores and capillaries causes a change in the 
refractive index of the material. 

A similar technique uses fiber optics with a coating that changes its spectral transmission 
as a function of absorbed water (Fig. 6.12). The surface of the fiber is coated with a 
hygroscopic layer, which has a spectral transmission that depends on the amount of water 
incorporated from the environment. The transmitted intensity at the end of the fiber can 
be related to the absorption, and finally to the relative humidity of the surroundings. 

 

Fig. 6.12. Setup of an optical fiber coated with a hygroscopic shell material. 

6.4.7. Hair and Fiber Hygrometer 

The overall shape or geometry of a wide range of materials changes with variations in the 
ambient humidity. Bundles of fiber may change their length, strips of foil may change in 
size, and material with a high water absorption rate increases in volume. The material can 
be used as a sensor by coupling with a spring. The expansion or compression of the spring 
due to humidity changes can be observed by an attached pointer or converted to an 
electrical signal. Simple hygrometers with bundles of hair, fiber, or hair harps are very 
common humidity display devices in museums and domestic situations. The humidity 
sensor is a bundle of specially prepared degreased, rolled, and conditioned natural or 
synthetic fibers (e.g. human or animal hair; cotton; plant fibers; synthetic fibers). For some 
materials, the length variation over the measurement range may not be linear (Fig. 6.13). 

The main advantage of these devices is that no electrical energy supply is needed for the 
purely mechanical operation (Table 6.8). This enables application in areas where a power 
supply is not possible. Measurement data can also be recorded using a hydrograph. The 
pointer is equipped with an ink pen at its tip. The pen draws a line on scaled paper on a 
slowly rotating cylinder (one turn per day, week or month). Changes in the ambient 
humidity result in a movement of the pen tip, which is recorded as a curve on the paper. 
Hydrographs are often combined with mechanical temperature and pressure sensors. 
Hygrometers with synthetic fibers are frequently used in industrial applications for simple 
climate monitoring tasks. 
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Fig. 6.13. Setup of a hair hygrometer, Left: Setup, Right: Instrument wall mounting  
(Comp. Fischer GmbH). 

Table 6.8. Typical technical specifications of hair and fiber hygrometers. 

Parameter Unit Specification 
Range %rh 10-95 
Temperature range (natural fiber) °C -35 to 50 
Temperature range (artificial fiber) °C 0-80 
Length variation % 2-3.5 
Operating time hPa Atmospheric pressure 
Measurement uncertainty %rh < 5 
Measured good  Air, no aggressive components 
Measurement duration min < 12 
Maintenance cycles  3 months 
Maintenance  Crucial in permanently dry environments 

 

6.4.8. Zirconium Oxide Devices 

Zirconium oxide humidity measurement devices are based on the determination of the 
oxygen content of the gas under investigation. The measured parameter is the difference 
in the concentration of oxygen on both sides of a membrane (Fig. 6.14). One side of the 
membrane is exposed to a reference gas, the other to a gas with an unknown oxygen 
concentration. This results in an electrical current between the two electrodes, which is 
proportional to the oxygen concentration difference between both sides. 

By measuring the volume fraction of oxygen, the volume fraction of nitrogen can be 
calculated. The remaining component of water vapor pressure ew can then be determined 
by the ratio of the concentrations of the two gases. A zirconium oxide measuring cell  
(Fig. 6.14b) is a ceramic sensor that is heated to a temperature above 500 °C. At this 
temperature, the ceramic exhibits the properties of an electrolyte. This method yields very 
accurate results when the concentration of oxygen and other gas components is known. 
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Fig. 6.14. Zirconium oxide sensor a) measuring principle; b) absolute humidity content in gas. 
The relative concentrations of the main components of dry air are known to be nitrogen 79 vol%, 

oxygen 20 vol% 

Table 6.9. Typical technical specifications of a ZrO sensor. 

Parameter Unit Specification 
Specific humidity g kg-1 0-100 
Dew point °C Td 1-100 
Operating temperature °C -30-1500 
Operating pressure hPa 500-1500 
Response time s 5-30 
Measurement uncertainty % < 1-4 
Operation time, shelf life h >30 000 

 

6.4.9. Quartz Microbalance 

Quartz microbalances are used for absolute humidity measurement in the trace humidity 
range. The quartz oscillates with a well-defined frequency. The surface of the quartz is 
coated with a hygroscopic layer. When placed in a gas flow, the surface layer absorbs 
water molecules from the gas, which changes the mass of the quartz. As a consequence, 
the oscillation frequency is detuned with respect to the dry state frequency. Therefore, the 
oscillation frequency is a parameter for the absolute water content of the flowing gas. 
Accurate and reliable measurements of low gas concentrations (ppmv) can be carried out 
when the gas flow rate and the gas pressure are known. The typical components of a quartz 
microbalance measurement device are: 

- An oscillating quartz with a hygroscopic layer (sensor 1); 

- An oscillating quartz for reference frequency generation (sensor 2); 

- A gas dryer; 
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- A heater; 

- Electronic modules for control and signal analysis. 

A measurement is performed by guiding a gas around sensor 1. Water is quickly absorbed 
at the surface and a humidity equilibrium is reached. The change of oscillation frequency 
of sensor 1 in comparison to sensor 2 represents the measurement parameter. For 
recalibration, a dry gas should be guided over sensor 1 from time to time. The dry gas is 
generated in the internal gas dryer and guided at first around sensor 2 (reference sensor), 
and then around sensor 1. Both frequencies are automatically set and a new measurement 
cycle can be started by guiding the gas to be measured around sensor 1. During each 
measurement, the gas temperature and flow rate must be kept constant as these are the 
main parameters that restrict the measurement precision. Quartz microbalance devices can 
be used for measurements of low gas concentrations (Table 6.10). When combined with 
metal oxide sensors, the measurement range can be extended to even lower concentrations 
in the ppb range and below. Quartz microbalances are devices for laboratory 
measurement. They are used in the semiconductor industry for water vapor monitoring 
during wafer production and processing. The water vapor in clean rooms and chip 
production facilities is also monitored using quartz microbalances because, even at a very 
low concentration, it can cause a significant increase in the wafer rejection rate. 

Table 6.10. Typical technical data of a quartz oscillator hygrometer. 

Parameter Unit Specification 
Range ppmv 0-1000 
Sensitivity ppmv <<0.5 
Measuring temperature °C -20 to +60 
Flow volume Nl min-1 0.5 
Operating pressure Pa 20 
Measurement uncertainty ppmv +1 to 2 
Measuring duration  < 30 

Maintenance cycles  
Regular control; drift compensation; 

not in aggressive gases 
Operation time  1-3 years; with calibration 

 

6.4.10. Measurement of Acoustic Properties of Water Vapor 

The underlying principle of humidity measurement using acoustic methods is the 
dependency of the speed of sound to the water content of gas or air. A longitudinal 
pressure wave, i.e., an acoustic wave, of known frequency is sent through the gas to be 
measured and, also through a reference gas, for example, a dry gas of the same 
composition at equal temperature. The ratio of the change in frequency, due to humidity, 
to the reference frequency, is the measuring signal [7]. 

A typical acoustic humidity measurement device consists of various elements, i.e.: 

- A piezoelectric transducer for signal generation; 
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- A reference oscillator; 

- A measurement oscillator; 

- A separator membrane. 

One of the principal fields of application for this noncontact method is the task of 
measurement in extreme environments, for example, in hot or heavily contaminated gas 
atmospheres. 

Photoacoustic Spectroscopy (PAS) Photoacoustic spectroscopy is a technique capable 
of detecting very small variations in humidity. 

6.4.11. Resistive Sensors 

The electrical resistivity of some materials, such as certain ceramics, changes with the 
ambient humidity. A typical feature of resistive humidity sensors is that they do not cover 
the full relative humidity range from 0 %rh to 100 % rh. Rather, sensors for different 
subranges such as U = (5-30) %rh and U = (50-95) %rh are available. Typical ceramics 
for humidity resistive layers are mixtures of different metal oxides. The sensors are 
manufactured as a multilayer system. Resistive humidity sensors are produced on printed 
circuit boards (PCB) using the methods and techniques of microelectronics technology. 
Resistive humidity sensors can achieve the same levels of accuracy as capacitive polymer 
sensors (Table 6.11). 

Table 6.11. Comparison of solid-state sensor and electrolyte sensor. 

Parameter Unit Solid-state sensor Hygrolyte sensor 
Range sensor type 1 %rh 10-30 2-50 
Range sensor type 2 %rh 30-90 50-100 
Measuring temperature °C >>100 -10 to 50 
Operating pressure hPa Atmospheric pressure Atmospheric pressure 
Measurement uncertainty (0-50) %rh <2 +1.5 
Measurement uncertainty (0-100) %rh <2 +0.5 
Measuring good  Nonaggressive air Nonaggressive air 
Measuring duration s <10 <2 
Maintenance cycles  >Annual Annual 
Maintenance  Calibration Calibration 
Reproducibility %rh < 1 < 0.2 
Operation time Years 5 5 

 

Advantages of ceramic as a sensitive material are: 

- A high long-term stability; 

- A wide temperature operation range; 

- Very low-temperature sensitivity. 
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Specialized resistive devices use an electrolytic fluid as a sensitive layer. The fluid, which 
possesses a pronounced hygroscopy, is placed between the two electrodes of the sensor 
element. The main advantage of such a setup is the lower settling time due to the faster 
interaction with water molecules: 

- Very fast adsorption and desorption; 

- A very fast response time to humidity variations; 

- A higher reproducibility of measurement data; 

- Higher chemical robustness; 

- A high sensitivity and lower uncertainty in the high humidity range of U > 90 %rh; 

- Water molecules are exchanged only at the surface of the fluid. 

The limiting factors of the application of fluid sensors in comparison to solid sensors are: 

- Reduced mechanical stability of the sensor element; 

- Restriction to a smaller operational temperature range; 

- Some organic substances (e.g., aroma) can destroy the sensitive layer; 

- Operation with a filter is necessary at high gas flow speeds (v > 3 ms-1); 

- Contamination by dust or oil vapors needs to be filtered away before measurement. 

6.4.12. Humidity Indicator 

Humidity indicators are chemical compounds that display the exceeding of a relative 
humidity threshold by a change of color. Suitable materials are salts and crystals as well 
as some chemical compounds, for example, malachite green solution. These substances 
absorb water vapor from the environment, which results in a chemical reaction or 
deliquescence of the indicator. If a material-specific humidity threshold is exceeded, this 
becomes visible by a change of color (Fig. 6.15). The effect can be amplified by the 
mixing of color pigments in the sensitive layer material. 

Several indicators with different humidity thresholds for color change are fixed on a film 
or test strip. Reaction of the substances to water vapor from the environment can be either 
reversible or irreversible (Table 6.12) for typical specifications of irreversible  
indicator papers). 

Humidity indicator strips consist of: 

- Substrate material, for example, film, or paper; 

- A sensitive layer; 

- Fixation of the sensitive layer, for example, a waterproof membrane or housing. 

Evaluation of the color change can be performed simply by observing its visual 
appearance or, more accurately, by using optical methods, i.e.: 
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- By comparison with a color chart; 

- By spectral transmission in a certain spectral range, or; 

- By its gray-scale value (total absorption). 

 

Fig. 6.15. Color changes of indicator paper for relative humidity monitoring; Above: Irreversible 
indicator; Below: Reversible indicator (Comp. Südchemie AG). 

Table 6.12. Typical technical specifications of humidity indicator papers. 

Parameter Unit Specification 
Measurement range %rh 5-90 
Measuring temperature °C 0-60 
Operating pressure hPa 1013 
Measurement uncertainty %rh + 5 
Measurement environment  Ambient air 
Duration of measurement h < 1 
Storage conditions  Dry atmosphere 

 

A typical reversible indicator is a strip of paper that is soaked with cobalt (II) chloride. 
With rising ambient humidity, the reversible indicator changes color from purple to blue. 
If the ambient humidity diminishes, the color changes back to purple. Indicator arrays for 
covering a humidity range often have the corresponding humidity threshold value printed 
next to the indicator field in order to facilitate an easy reading of the current humidity 
interval. It is also possible to compare the fields to a color chart. 

The other type of humidity indicators involve irreversible processes (irreversible 
indicators). Salt crystals are mixed with water-soluble color pigments and fixed as a small 
spot on a substrate (e.g. absorbent cardboard). If a certain threshold humidity, which is 
specific for each salt, is exceeded, saturation is reached and the mixture deliquesces. A 
large spot of color then marks the occurrence of the process. Thus, irreversible indicators 
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can be used to monitor the maximum humidity they – or in the vicinity – have been 
exposed to. Irreversible indicators are used to monitor the transport and storage of 
products that should not be exposed to high humidity. The cardboard strips are placed 
underneath the packaging next to the product. They should be visible from the outside 
without the need to open the package, in order to enable a quick evaluation of the 
maximum humidity, for example, directly on delivery of the product. 

Reversible indicators are also a simple and inexpensive method for the monitoring of 
humidity levels in rooms, for example, in stores and basements. 

6.4.13. Nanostructured Measurement Devices 

Nanotechnology offers new and extended possibilities for the measurement of humidity 
and moisture. Recent technological advancements in semiconductor lithography and  
self-organized growth of nanometer-sized polymer structures make the size reduction of 
functional structures (sensors, actuators, logical switches, etc.) down to several tens of 
nanometers (10-9 m) possible. This section is intended to give a brief overview of some 
new moisture and humidity measurement devices that make use of nanostructures. 
Common major benefits of nanostructured sensors in comparison to conventional sensors 
are the huge overall surface area and the small dimensions of the sensor element. This 
large overall surface area of nanostructures results in a high sensitivity and the ability to 
detect very small amounts of water. The small dimensions and mass of the sensitive 
element enable integration of the device to precisely where a humidity measurement is 
needed, for example, inside the chambers of fuel cells or in the human body. Humidity 
sensors fabricated by nanotechnology can also be combined with other sensors (e.g., for 
temperature) or communication electronics on the same carrier substrate, which results in 
a very compact design, low power consumption, and simultaneous measurement of 
multiple physical parameters. At the same time, the small amount of material required 
may result in a low expenditure, but that depends also on the complexity of the fabrication 
process. However, even though nanotechnology has matured over the last decades, most 
of the measurement sensors presented here are currently only laboratory prototypes and 
commercial devices are yet to come. 

6.4.13.1. Contact Methods 

A central issue in agriculture and plantation is the regulation and optimization of 
irrigation. For that purpose, the temperature and moisture depth profile of the soil should, 
ideally, be continuously monitored. Inexpensive and highly integratable devices for this 
task are microelectromechanical systems (MEMSs) for temperature and moisture 
monitoring [10, 11]. MEMS is a collective term for systems that consist of micro- and 
nanosized sensors and actuators, electronic circuits, and frequently also antenna for 
wireless communication. For moisture and temperature measurement, a proposed design 
consists of a small cantilever with a water-absorbing nanopolymer film as depicted in  
Fig. 6.16. Absorption of ambient water results in a deformation of the cantilever, which 
induces shear stress. The deflection is detected by embedded strain gauges as a change in 
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electrical resistance. The feasibility of such a setup has been demonstrated using a 
prototype in short-term laboratory and field experiments. Another approach to creating a 
highly sensitive humidity sensor is the fabrication of a zinc oxide (ZnO) thin film. 
Different approaches exist to create the ZnO film with a thickness of a few tens of 
nanometers [12, 13]. Further structuring takes place within the film, for example, in the 
shape of nanosized pores or polycrystalline grains. The operation principle of any ZnO 
thin film humidity sensor is based on the variation of the electrical resistance of the film 
caused by a change in the ambient humidity or moisture due to absorption. One of the 
advantages of prospective ZnO thin film based sensors is the high sensitivity due to a 
variation of resistance of several orders of magnitude between the lower and upper limit 
of the humidity range. The sensing element of nanograss polyimide-based humidity 
sensors is a water absorbing capacitance [14]. The polymer film consists of a pillar 
structure with a typical pillar height of around 400 nm and a typical width of around  
40 nm (hence the name nanograss). The large surface area of the pillar structure can absorb 
water molecules and acts as a water-sensitive microcapacitance. The reported total 
response time is 11 s, about 2.5 times faster, with a sensitivity of about a factor of 8 higher 
in comparison to that of a conventional flat polyimide sensor. 

 

Fig. 6.16. Typical MEMS for temperature and moisture sensing [10]. 

6.4.13.2. Noncontact Methods 

Fiber optics humidity sensors [15] are widely used in industrial applications. New 
fabrication techniques of nanostructured thin films, such as the ionic self-assembly 
monolayer (ISAM) [16, 17] method, offer new possibilities. By using ISAM to form a 
micrometer-sized Fabry-Perot interferometer [18, 19] on an optical fiber, a humidity 
sensor can be built. The operation principle of humidity detection is based on the change 
of reflectivity of the hydrophilic thin film due to water absorption. This results in a change 
of outgoing intensity, which can be measured. The authors report that the main advantages 
of such a sensor device are a short response time and an inexpensive fabrication process, 
compared to conventional fiber optic sensors. The principle of fiber optics humidity 
sensors gives access to a wide range of applications, for example, in hazardous or 
explosive environments, or in medicine, for respiratory air monitoring. Another 
noncontact method with a strong instrumental background in nanotechnology is 
synchrotron radiation X-ray scattering and diffraction. Even though an electron storage 
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ring – a large-scale research facility such as the ESRF (Grenoble), BESSY II (Berlin) or 
PETRA (Hamburg) – is needed, there are a number of applications with practical 
relevance, see, for example [27]. The main benefits of synchrotron radiation are the 
tunable X-ray wavelength and the high flux. The former allows for resonant,  
element-specific measurements, for example, at the oxygen K absorption edge to visualize 
the specific distribution or concentration of H2O and other substances simultaneously. The 
latter enables short measuring times and in situ monitoring of dynamical processes on a 
timescale of seconds to picoseconds, for example, the diffusion of water through a 
material. Common synchrotron X-ray techniques are X-ray diffraction, small-angle 
scattering in transmission (SAXS) [23], grazing-incidence SAXS (GISAXS) in reflection 
geometry, X-ray tomography, X-ray absorption spectroscopy [25], and X-ray 
fluorescence analysis [26]. 
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Chapter 7 
RGB Multispectral Microanalyzer 

Rosa M. Camarillo, Juana M. Camarillo, Arturo Urquizo, 
Alejandra Guerrero, José Valderrama and Jorge Flores1 

7.1. Introduction 

The environmental problems that exist in various parts of the world due to human 
activities, have led to the contamination of air, soil, surface water and groundwater, for 
which monitoring systems are required to control and mitigate it. These monitoring 
systems must be capable of measuring parameters to evaluate the effects of pollution on 
the population or the environment, and the assessment of the remediation measures that 
may have been applied or will be applied. 

On the other hand, information is needed to monitor and control chemical processes, 
which require a response analysis in real time and online. In the electrolysis method to 
obtain zinc, it is important an on-line and real-time monitoring of the purification process 
to determine the contaminating compounds that may affect the quality of the final product, 
ZnSO4. This monitoring could be done by evaluating the concentrations of metals such as 
cobalt, copper and cadmium in the zinc sulphate generated in the leaching stage, as well 
as in each of the purification phases of this sulphate. It is also necessary to evaluate the 
concentrations of these metals to determine the amount of zinc powder needed for 
purification [1]. Due to this, it is necessary to develop instrumentation systems that allow 
carrying out in-situ measurements, with high selectivity and sensitivity, preferably 
autonomously, capable of being applied to more than one type of sample and allowing in 
a simple way the modification and adaptation of analytical methods. 

The most widely used automated analytical methods is the FIA (Fluid Injection Analysis), 
since it manages real-time measurements and monitoring of the study variable [2]. To 
achieve miniaturization, it is necessary to evaluate the technical characteristics of the 
selected detection system: Sensitivity, Resolution and, with it, determine the capacity to 
analyze small sample volumes of the order of pL-μL [3], reliability and response time, 
power consumption and autonomous operation capacity. The optical methods have 
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acceptable sensitivity to carry out measurements in the identification and qualitative and 
quantitative determination of elements or chemical compounds present in samples, 
relating to the measurement of the intensity of radiation with matter. Spectrophotometry 
measures the radiation absorbed by the sample due to the energetic changes that occur at 
molecular levels. In this context, detection systems based on a light emitting diode (LED) 
and a photodetector offer great versatility, safety, reduced size, low cost and lower power 
consumption, for applications in spectrophotometric methods [4]. Robust analyzers have 
been developed by integrating other devices such as optical fiber [5, 6], photomultiplier 
tubes [7], phototransistors [8], photodiodes [9-11] and reverse polarized LEDs as  
detectors [12-15]. 

In previous investigations, development microanalyzers have been shown, which operate 
with LED light as a radiation source at a wavelength. The analytical methods used, were 
based on processes where chemical reactions can occur or not and for the determination 
of a single analyte. The communication between electronic control and virtual 
instrumentation was made through wireless communication . 

In this chapter, the development of a RGB microanalyzer is presented, in which the optical 
system operates in the range of the VISIBLE spectrum. Fluid management was 
implemented and evaluated using a hydrodynamic system for the injection of fluids 
implemented with micro-actuators. As an example of application, samples of colored 
solutions were analyzed based on C16H18CIN3S (methylene blue), as well as on 
C15H15N3O2 (methyl red) at different concentrations, where no chemical reaction occurs. 
The versatility and robustness of the system is checked by performing microanalysis of 
different compounds with this RGB microanalyzer. The manufacture of fluidic 
microstructures was make through the FDM (Fusion Deposition Modeling) additive 
printing, generally known as 3D printing, is also proposed as a new manufacturing 
strategy to complex and expensive technologies. 

7.2. Microanalizer Development 

Generally, microfluidic systems are manufactured using silicon, glass, polymer or LTCC 
(low temperature cooking ceramics) technologies, with sophisticated and very expensive 
infrastructure [6]. As an alternative to its manufacture, the technology of additive 
manufacturing has been used, one of the most common methods being the FDM [16]. This 
FDM process, also known as "3D printing", deposits a molten polymer thread forming 
successive layers of crossed filaments forming different patterns, from rapid prototypes 
to obtaining functional and complex pieces. To achieve this, it is necessary to predict the 
mechanical behavior of the parts considering the mechanical properties of the raw material 
and the effect of the process parameters [17]. The RGB microanalyzer integrates 
microfluidic (three-dimensional coil-type mixer) and the sample cell for colorimetric 
analysis into the same substrate. The fluid management system and the optical system are 
externally coupled to the micromixer and are controlled by electronics and wireless 
communication. 
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7.2.1. Microfluidic Structure 

The microfluidic structure was fabricated using additive FDM technology, which was 
based on the geometry of a micromixer with circular 3D serpentine chaotic advection 
integrating a Z-type detection cell [18]. In order to obtain greater system sensitivity, the 
Z-type detection cell is located after the mixing step, storing a sample volume of 100 μL. 
The dimensions of the channels of the structure were defined as 2 mm (± 0.02 mm), 
integrating 24 loops with a total length of 518 mm. In this work, the materials used for the 
manufacture of fluidic structures were PLA filament and PP filament. PLA is also known 
as "lactic acid" or "lactic polyacid" with the chemical name  
2-hydroxypropanic acid [19]. This thermoplastic is obtained from corn fibers, what makes 
it an ecological material and it is not toxic. The working temperature range of the PLA is 
between 190-210 ° C. Although the PLA is amorphous, the temperature at which it can 
be formed is close to 230 ° C. Polypropylene or PP, is a polymer developed from 
propylene monomer. This material is resistant to chemical solvents bases and acids. This 
filament is very resistant to fatigue, bending and chemically inert. The working 
temperature range is between 210-255 ° C and requires a hot bed between 110-150 ° C, 
its melting point is close to 280 ° C. 

To increase the velocity distribution of concentrations of various solutions and achieve a 
chemical reaction is necessary the development of an adjective flow and diffuser. The 
terms that define this reaction are a function of the average mass velocity and a fluctuation 
of the molar concentration in a turbulent transport of matter. For a flow Q = 1.5 mL min-
1, the average velocity developed was: 
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The RGB microanalyzer and its microfluidic structure are shown in Fig. 7.1. 

 

Fig. 7.1. Microfluidic a) Structure manufactured on PP (polypropylene); b) Internal geometry. 
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The Z-type detection cell was integrated into the geometry of the microfluidic structure 
and the windows were covered with borosilicate glass with dimensions of 3.2×5.2×0.1 
mm to seal the detection area and allow the passage of light through it. To increase 
versatility, the fluidic structure integrates two slots for the external insertion of RGB 
multispectral optical system modules to be located in each of the windows of the detection 
cell. Using this implementation could be replaced if necessary, without altering the fluidic 
structure. The connectors for the entrance and exit of solutions were made of titanium 
(MAFSA, SA de CV, Torreon, Mex.) With internal diameter di = 1.5 mm and external 
diameter do = 2 mm and were fixed with epoxy glue applied on the surface of the top 
layer, after its assembly. 

7.2.2. Hydrodynamic 

Usually, the operation of analytical methods is performed in controlled laboratory 
environments and uses large volumes of reagents and samples. The hydrodynamic flow 
system miniaturization would allow independence to these laboratories to perform 
portable and in-situ analysis where the sample is taken as well as the incorporating an  
on-line process to generate real-time results.  The miniaturization also offers certain 
advantages such as reduced reagent consumption, the reduction in waste generation and 
an increase in the number of analysis per day because it reduces analysis time. A 
hydrodynamic system was based on Patent number 359937 IMPI [20]. This hydrodynamic 
system is based on piezoelectric micro-pumps (Takasago Electric, Inc., Nagoya, Japan), 
with dimensions of 25 mm × 25 mm × 4.8 mm was implemented. Fluid drive the micro-
pumps were made using piezoelectric elements so the flow rate could be easily generated 
by electronics control. 3-way solenoid NC microvalves (161T030, NResearch, NJ, USA) 
for microinjection process were used to control fluid flow in a single line. The sequence 
of operation of each microvalve was based on multicommutation techniques to generate 
a flow network in which all the steps, involved in the analytical process, could be 
implemented independently. The programming of the switching times was configured to 
facilitate the automation of the microinjection process with the intention of generation 
fixed and constant volumes electronically controlled. Therefore, the hydrodynamic 
system has the capability to manage 6 configurable solutions at different flow rate and 
injection volume, it shown in Fig. 7.2. The microactuators were interconnected by PP 
tubes of 1.5 mm of internal diameter. In a previous study, the flow hydrodynamic variables 
were determined at 3.5 ml m-1 and an injection volume of 500 μL to generate the transport 
of fluids to the detection cell. 

 

Fig. 7.2. Hydrodynamic system [20]. 
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7.2.3. RGB Optical Detection System  

The radiation source was implemented with a module of dimensions 6×6 mm. it integrates 
a FULL COLOR SURFACE MOUNT LED LAMP AAA-505103 (Kingbright Co., CA, 
USA). It has the wavelengths for blue: λ = 450, width of line 20 nm and emitted power of 
0.6 W; for red: λ = 624, line width 30 nm and emitted power 0.336 W; and for green:  
λ = 525 nm, line width 30 nm and emitted power 0.6 W; and dimensions of 5×5×1.3 mm. 
The radiation angle between each of the integrated LEDs is 120°. The wavelength sets 
can be done by the virtual instrument program. Likewise, a detection module with 
dimensions of 5×6.5 mm was implemented, where a TAOS TCS3200 programmable 
frequency light converter was integrated (Texas Advanced Optoelectronic Solution 
TAOS, Texas, USA). This detector integrates 64 photodiodes array, 16 for each of the 
red, green, blue (RGB) and unfiltered (clear) filters for a greater detection range [21], and 
a configurable scaling factor of 100 %, 20 %, 2 % and off The modules were carefully 
placed into the cavities of the microfluidic device (at each window of the detection cell) 
for optimal alignment between the angle of the light emitted by the RGB-LED and 
photoactive area of the sensor in order to achieve maximum light range. The RGB optical 
system is shown in Fig. 7.3. 

 

Fig. 7.3. Elements of the RGB multispectral optical system in PLA structure. 

7.2.3.1. Radiation Resource Calibration 

The wavelength for the intensity peak and the line width Δλ of a spectrum is related to the 
distribution of its energy in conduction and the properties of the semiconductor material 
[22]. As the current in the LED increases, the intensity of the output light does as well. 
However, the increase in the power output of the light is not linear with respect to the 
LED current, as shown in Fig. 7.4. 

The operation parameters of LED are: Efficiency; which is the ratio between the luminous 
intensity emitted (milicandelas mcd) and the electric current in mA that produces said 
radiation. Directivity; which is defined by the maximum angle of light observation and 
depends on encapsulation type. Direct bias voltage (VF); which is the voltage that occurs 
between the LED terminals when the excitation current passes through it. Reverse current; 
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represents the maximum current that the LED can support when subjected to an inverse 
bias, being this normally around 10 μA. Power dissipation; defined by the power fraction 
that the LED absorbs and does not transform into visible radiation converting it into heat, 
requires a resistance in series with it, to limit this current. Line width (Δλ); also called as 
spectral response, radiant flux or emission spectrum, this characteristic represents the 
range of wavelengths at 50 % of the maximum radiated power, a large line width produces 
a large dispersion, which in turn it limits the modulation bandwidth, which results in a 
low data rate. Response time; is the speed with which the LED goes on and off, that is, 
the time it takes to reach from 10 % to 90 % of the maximum radiated power, once current 
is flowing through its terminals. The modulation ratio (maximum data rate at which the 
LED can operate) must consider the rise time Tr and the fall time Tf, which must be less 
than 1 / (Tr + Tf), this can be observe in Fig. 7.5; Optical bandwidth BW, which is 
represented according to (7.1) 

 
0.35

optBW
Tr

 , (7.1) 

where BWopt is the optical bandwidth and electrical bandwidth, is represented according 
to (7.2) 

 (0.707)elect optBW BW , (7.2) 

where BWelect is the electrical bandwidth. 

 

Fig. 7.4. Emission curve power-current. 

The radiant flow, is in a range between 450 to 624 nm, which is the working range for the 
detection of chemical analites of interest: 

 Co-> λ = 525 nm (green); 

 Cu -> λ = 580-650 nm (red); 

 Cd-> λ = 477-566 nm (blue). 
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Fig. 7.5. Rice time (Tr) y Fall time (Tf). 

7.2.3.2. The radiation Flow Detection 

The radiant flow detection is the light emitted by the RGB LED and received by the 
detector. The signal from the detector is sent to an LCD display, which shows the 
frequency of the power transmitted in real time, as well as this signal is sent to the 
microcontroller to be processed and sent wireless to the laptop and displayed a graph that 
represents the concentration of the solution. It is necessary to configure the white color 
(blank) of the RGB LED so that it is not a value greater than 5 V which is the limit of the 
value allowed by the microcontroller. The voltage source used in this work was based on 
a lithium-ion battery that has a capacity of 2200 mAh followed by a voltage regulator. 
This ensures a stable voltage that will produce a stable light intensity. It should be 
considered that after each analytical measurement, the detector should be calibrated using 
bi-distilled water as reference. 

7.2.4. Electronic Control and Wireless for Automation Process 

The electronic control [23] was based on a PIC18F4550 microcontroller (Microchip 
Technology Inc., Chandler, USA) integrating the stages of data acquisition, hydrodynamic 
system control, optical system  control and wireless communication between the RGB 
microanalyzer and the personal computer (PC). The electronic components were selected 
for surface mounting in order to reduce the dimensions of the module. The microcontroller 
acquires the signal generated by the photodetector and sends it to the PC by XBee 802.15.4 
protocol, in real time. Wireless communication between devices and control electronics 
module was implemented with two XBee Series 2 modules (Digi XBee, Minnesota, USA), 
using Explorer USB and Explorer Regulated modules (SparkFun Electronics,  
Colorado, USA). Were integrated into the control electronics, regulators 3.3 V and 5 V to 
maintain the independent supply to different devices avoiding fluctuations to obtain  
a correct measurement. 

7.3. Analytical 

The chemical reagents used were of the analytical grade, all the experiments were carried 
out at room temperature. A stock solution based on C16H18CIN3S (methylene blue) at 
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25.11 μM concentration and another stock solution based on C15H15N3O2 (methyl red) at 
37.13 μM concentration was prepared. The colored working solutions were prepared daily 
by diluting the stock solution with bi-distilled water for the methylene blue and with ethyl 
alcohol for the methyl red so as not to change the pH. Using a Jenway 6305III 
spectrophotometer (Coleparmer, St. Noets, UK), its point of maximum absorbance was 
determined at a wavelength of 664 nm for methylene blue and of 490 nm for methyl red. 
The absorbance of the corresponding blanks was measured at the same wavelengths using 
the detector's white filter. Similarly, the absorbance of the colored solutions of methylene 
blue was measured at 624 nm and for methyl red at 460 nm, very close to the wavelengths 
of operation. 

For the absorbance measurements of each of the different dilutions generated by the 
hydrodynamic system, the optical system was calibrated with bi-distilled water as blank. 
Once the good functioning of the optical detector has been checked, the absorbance 
readings of the blank and the dilutions are taken according to (7.3) [11]: 
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, (7.3) 

where Sa is the analytical signal, Sr is the measured reference signal of the blank  
(bi-distilled water) and Sd is the "leak" or dark signal (signal obtained with the  
LED off). 

The colored solutions are shown in Fig. 7.6. 

 

Fig. 7.6. Dilutions of colored solutions a) Methylene Blue; b) Methyl Red. 

7.4. Experimental Set-up 

The RGB microanalyzer was evaluated using the experimental setup of Fig. 7.7. The first 
experiment was the detection of the emitted radiation, finding the mathematical model for 
the desired wavelength configuration using the target. A second experiment was the 
response of the optical system with colored solution patterns at different concentrations 
and wavelength. 
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Fig. 7.7. Experimental Set up. 

7.5. Results and Discussion 

Once the control electronics were isolated in case of any leakage and characterized the 
system, it was introduced in a black box to avoid spurious signals that could affect the 
measurement. The configuration of the RGB microanalyzer was carried out by means of 
a virtual instrument. The operation process starts by activating the wireless 
communication system to transmit and receive the signals via RF using XBee 802.15.4 
protocol. Once the communication is established, the hydrodynamic system for the 
microfluidic injection and the RGB multispectral optical system is activated. The 
hydrodynamic values and the multiconmutation times between the colored solution and 
the baseline or target (bi-distilled water) are configured by transporting them through the 
microanalyzer to the detection cell where the analysis is carried out, obtaining a signal 
according to its concentration. This signal is acquired by the MC and transmitted wireless 
to the PC.  

The automation of the hydrodynamic system managed to generate flow rates and injection 
volumes, necessary for the development of dilutions at different concentrations from a 
standard solution. The operation sequence of the automated process are shown in Fig. 7.8. 
The filling time (t0) was 23.5 s, sampling time (tm) 8 s for a sample volume of 500 µl. 
The automation of the optical system consists of the development of two microprocesses: 
methylene blue and methyl red sampling, which select the micro-actuators P1, P2, V1 and 
P3, P4, V2 that would operate in each microprocess respectively. These microprocesses 
are independent of each other and can not be activated simultaneously. 

The sensitivity of the optical system was evaluated by performing the acquisition and 
measurement of different intensities of the LED light source observing a linear response 
of the light intensity with respect to the frequency. The sensor presents as output a square 
wave with 50 % duty cycle, which is measured thanks to the interruptions available of the 
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microcontroller and by means of the Timer0 it records the pulse width in order to send the 
value of the frequency to the virtual instrument. For the tests, the sensor was calibrated at 
a frequency of 60 Hz for the blank solution. The frequency and concentration relationship, 
was measured directly in the microcontroller with the duration of its period. The values 
of developed concentrations are observed in Table 7.1 for C16H18CIN3S (Methylene blue) 
and in Table 7.2 for C15H15N3O2 (Methyl red). 

 

Fig. 7.8. Graphics of automated process to development dilutions. 

Table 7.1. Relation of patterns of C16H18CIN3S (Methylene Blue). 

Concentration 
ppm 

For sample volume 500 µl 
Concentration, µM C15H15N3O2 , µl Bi-distilled water, µl 

Blank 0 0 500 
10 25.10732124 500 0 
7.5 18.83049093 375 125 
5 12.55366062 250 250 

2.5 6.27680311 125 375 
1.25 3.138415156 62.5 437.5 

 

Table 7.2. Relation of patterns of C15H15N3O2 (Methylene Red). 

Concentration 
ppm 

For sample volume 500 µl 
Concentration, µM C15H15N3O2 , µl Ethyl alcohol, µl 

Blank 0 0 500 
10 37.13275703 500 0 
7.5 27.84956777 375 125 
5 18.56637852 250 250 

2.5 9.283189258 125 375 
1.25 4.641594629 62.5 437.5 
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Calibration curves were performed from different concentrations of C16H18CIN3S 
(Methylene Blue) in a range of 3.14 μM to 25.11 μM, and of C15H15N3O2 (Methyl Red) in 
a range of 4.64 μM to 37.13 μM. The calibration curve is observed in Fig. 7.9. 

 

Fig. 7.9. Calibration curve at different concentrations of C16H18CIN3S (Methylene blue)  
and C15H15N3O2 (Methyl red). 

The equation describing the linear relationship between the concentration of methylene 
blue (C16H18CIN3S) and absorbance (A) for the optomicrofluidic system is  
A = 0.0369 [C16H18CIN3S] + 0.0613; R2 = 0.9931 at a wavelength λR = 624 nm. In this 
application, the detection limit was estimated at 3.13 μM. 

The equation that describes the linear relationship between the concentration of methyl 
red (C15H15N3O2) and absorbance (A) for the optomicrofluidic system:  
A = 0.0109 [C15H15N3O2] + 0.0304; R2 = 0.9907 at a wavelenght λR = 460 nm. In this 
application, the detection limit was estimated at 4.64 μM. 

The absorbance measured by RGB multispectral microanalyzer was contrasted against 
measurements made using Jenway 6305III spectrophotometer (Coleparmer, St. Noets, 
UK). The resulting line has a slope close to unity (0.9923 for the methylene blue  
and 0.9972). 

Comparing the quantity of waste generated by RGB multispectral microanalyzer 
presented against some tests carried out in the laboratory and by means of a 
spectrophotometer, there was a reduction in waste generation of 79.65 %, in a ratio of  
1.63 ml of waste for a test with RGB multispectral microanalyzer and 8 ml for the tests in 
the spectrophotometer. 

The experiments were selected to simulate the colorations that could be generated 
according to the colorimetric method and the wavelength of maximum absorbance of the 
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metals copper (580 to 650 nm) and cadmium (477-566 nm) and operate within the range 
of RGB optical system. In this case, for the realization of microanalysis where chemical 
reaction occurs, it will be necessary to use materials resistant to reagents and acid solutions 
and also to withstand higher temperatures due to the chemical reaction that develops. The 
proposed material could be polypropylene PP filament. 

7.6. Conclusion 

A microanalyzer that integrates an RGB multispectral optical system was developed using 
additive manufacturing technology. This technology, allows a wide range of complex 
designs of the multispectral RGB microanalyzer, which can be an innovation and 
application trend in the field of miniaturized analytical systems. It should be considered 
that the dimensions of the microchannels depend directly on the resolution of the printer 
and therefore lower diffusion lengths. 

The main feature of this RGB multispectral microanalyzer is the integration of a novel, 
versatile and robust RGB optical system that can select between three wavelengths in the 
range of 460 nm to 624 nm. In this development, the hydrodynamic system for the 
injection of micro-fluxes was based on patent 339937 IMPI. The microanalyzer integrates 
an electronic module that operates as a wireless sensor node for the transmission / 
reception of analytical and control signals, and it is operated and controlled by virtual 
instrumentation software via XBee 802.15.4 protocol and is powered by an energy 
management system based on lithium-ion battery, which allows a level of automation and 
control. The RGB multispectral microanalyzer was tested for the spectrophotometric 
determination of different colored solutions at different wavelengths as an application 
example. The microanalyzer showed a stable response and presented results similar to 
those obtained with laboratory equipment for spectrophotometric determinations. With 
this autonomous analysis system developed, in-situ, on-line and real-time analysis could 
be proposed for colorimetric determinations within the VISIBLE spectrum range. 
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Chapter 8 
Energy Audit and Contactless Temperature 
Measurement 

Svyatoslav Yatsyshyn, Bohdan Stadnyk, Pylyp Skoropad  
and Mykola Mykyychuk1 

8.1. Introduction 

Instant problems of the energy efficiency of the national economy must be solved in the 
coming years. Known ways: reconstruction of old buildings and the construction of new 
energy-efficient buildings – mostly relies on the need not only to digitize new architectural 
and construction technologies but also to obtain accurate data on the heat and thermal 
characteristics of both materials and construction structures. In particular, until now, the 
problem of precise quantitative description of the mentioned units has not been solved 
since the methods of an energy audit are mainly implemented by means of qualitative or 
semi-quantitative metrology, which are considered to be the thermal imagers. And the 
contactless temperature means are not sufficiently exact. Therefore, let's consider below 
what the state of the problem and how it is solved by the current work. 

8.1.1. Reconstruction of Buildings 

A large number of buildings in the budget sphere and residential sector require 
reconstruction, which should reduce the energy consumption of these objects. A 
methodology is developed that facilitates the choice of measures enhancing the energy 
efficiency of buildings under their major repairs. Residential buildings built before 2000, 
characterized by relatively low levels of thermal insulation, excessive infiltration of 
outside air, therefore, increased costs of thermal energy for their heating and low-
efficiency heating control. Currently, among specialists, there is an understanding of the 
need for major repairs, along with the modernization of buildings in order to increase 
thermal efficiency. The result should be a reduction in heat loss. 

                                                      

Svyatoslav Yatsyshyn 
Lviv Polytechnic National University, Lviv, Ukraine 
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To help decision-makers deciding on the choice of measures during repairs, a 
methodology has been developed for selecting such measures that would allow increasing 
the energy efficiency of buildings. The methodology for identifying problem areas and 
energy efficiency reserves consists of three following steps: 

Step 1. Collection of input data. Fixing all revealed features of the fencing and engineering 
systems of the building. Overall condition of the building and its units. 

Step 2. Receiving the readouts of heat, electric and water metering devices. Estimation of 
consumption of water, heat, electricity under contracts and accounts for payment. Integral 
assessment of building thermal and humidity regimes. It is performed on the basis of 
analysis of indicators of water, electric and heat energy meters; conformity of payment 
for energy resources to the calculation-normative or actual values; analysis of the 
illumination of workplaces and zones of permanent residence of people; analysis of 
thermal conditions of buildings; thermal examination of fencing structures. Last we pay 
special attention below. 

Step 3. Data processing. Estimation of conformity of the calculated and actual parameters, 
the efficiency of energy-consuming systems. General conclusions, measures for 
rationalization of energy use, choice of energy-saving measures. At this stage an analysis 
of the thermal protection of the building according to the design value is carried out; 
analysis of the heating, including biofuel [1], and ventilation; analysis of the efficiency of 
electricity consumption; analysis of the efficiency of hot and cold water use; calculation 
of specific energy consumption indices and indicators of energy efficiency with bringing 
the basic / normative / target values of indicators. This includes analysis of the 
documentation, project on the building, engineering equipment (assessment of the 
climatic parameters of the location, type, mode of operation of the building, features of 
energy and energy-consuming and measuring equipment [2-3], analysis of the design of 
the building, the database of operating organizations. At the absence of the project – an 
analysis of the project buildings similar series, features connecting the building to the 
systems of heat, electricity, water supply, analysis of energy supply contracts), as well as 
a visual inspection of the building (analysis of external power, state of the fencing 
structures, windows, balconies [4], review of the main and auxiliary power-consuming 
equipment, the definition of schemes and equipment for connecting to power supply 
networks, analysis of modes of energy consumption and consumer behavior [5]). 

Separately comprises a minimum set of energy efficiency works that have to be carried 
out during reconstruction. It consists of the following items: 

- Insulation of external enclosing structures of buildings; 

- Insulation of combined roofs or attic ceilings; 

- Replacement of window and balcony blocks for energy-efficient and less breathable; 

- Glazing of loggias and balconies; 

- Implementation of automated units for controlling the heat consumption of buildings; 

- Individual regulation of heat output of each heating device; 
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- Installation of automatic balancing valves on the risers and branches of the heating 
system. 

The estimated specific heat consumption of the building during the heating period before 
and after major repairs as well as the expected energy savings are presented in Table 8.1. 

Table 8.1. Specific heat consumption of the building during the heating period before  
and after the major repairs. 

Construction, energy 
saving 

Specific heat consumption of the building during the heating 
period, kWh/m2, by building series 

II-18-01/12 
(S = 3618 m2)

II-49-04/9 
(S = 7160 m2)

П3/16  
(S = 16275 m2)

П44/16  
(S = 10506 m2) 

Construction before the 
major repairs 

227 199 198 229 

Construction after the 
major repairs 

87 80 85 100 

Energy savings due to 
appropriate measures 
during overhaul, % 

62 60 57 56 

 

Table 8.2 shows the expected energy savings per heating season for renovated buildings 
by certain energy-saving measures. 

Table 8.2. Specific heat consumption of the building during the heating period after certain 
energy-saving measures. 

Energy-saving measures 

Energy savings at the heating period,%, for building series 

II-18-1/12  
(S = 3618 m2) 

II-49-04/9  
(S = 7160 m2) 

П3/16  
(S = 16275 m2) 

П44/16  
(S = 10506 m2) 

Enhancement of heat protection  
of external enclosing structures, 
including replacement of windows 

38 34 35 35 

Application of windows with low 
air permeability 

6 6 6 5 

Installation of the automated 
control unit of the heating system 
and thermostats on the heating 
devices 

18 20 16 16 

Total energy savings based  
on the application of the device  
in an automated control system  
of the heating system 

62 60 57 56 
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Housing update in an energy-saving building saves a considerable power. To start this 
process, it will need to conduct an energy audit. 

8.1.2. Energy Audit 

Visual inspection of the home begins from the attic insulation, the windows (single or 
double-layer, sealed), the insulation of walls, the presence of cracks and openings in 
enclosing structures, fireplaces. This check is carried out on each floor. The next step is 
to check the lighting, the number of lamps in the house and their type. The kitchen 
equipment is checked. It is necessary to determine if there are old energy-inefficient 
devices that need the replacement. Some attention is paid to water heaters, whether they 
are equipped with an insulating layer, and whether the pipes with hot water are covered 
with isolation. Furnaces, boilers, and channels in the house are also checked. In such a 
way we can find sources of heat loss. The visual inspection determines the most obvious 
problems to identify the units necessary to upgrade. After completion of the energy audit 
phase, the phase of checking the tightness of the house comes. For this, there is a so-called 
"pressure test". With fan installed in the openings of exterior doors or windows, a dilution 
throughout the building is created. An amount of air passing through the slits inside the 
room is measured when a lowered air pressure is fixed inside the room. 

8.1.3. Replacement of Energy-inefficient Heating Systems 

Sealing the cracks in the shell of the building, improving the thermal insulation in the 
walls and overlapping, and replacing the windows for energy-efficient can significantly 
improve the comfort of the existing home, respectively, lowering monthly fuel bills. 
Reducing energy consumption is possible by replacing household appliances and other 
devices – especially heating equipment, water heaters, refrigerators, and washing 
machines – with new, energy-efficient models. Energy-advanced furnace reaches from  
83 to 97 percent of effectiveness, while energy-efficient boilers – more than 90 percent. 
Heat energy saving at implementation of energy-saving measures achieves on the 
buildings of typical series the mean value 60 % that includes of 25 %, due to enhancing 
thermal protection of external walls and attic ceilings; 10 %, due to improvement of 
thermal protection of windows; 6 %, due to reduction of excess air exchange in 
apartments; 18 %, caused by the automated control of installed heating system and 
thermostats. This provides a higher comfort level for residents due to the possibility of 
individual regulation of air temperature in apartments. As a result, energy savings leads 
to a reduction in carbon dioxide emissions. 

8.1.4. Construction of Smart Energy-efficient Buildings 

A smart house is a house that has highly advanced automatic systems for lighting, 
temperature control, security, window and door operations, and other functions. Its 
integrated automation is intended to establish a unified interdependent system of 
engineering house subsystems management that meets the needs of users minimizing 
expenses for maintenance. Open architecture and the only communication protocol of 
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network with conjugated nodes (controllers and sensors) make up the basis of the network. 
Since such houses are grouped in one district, forming the energy-generating community, 
it needs fuzzy programming for continuous development of whole area [6]. An important 
factor in smart house becomes engineering equipment, providing comfortable 
accommodation. The mentioned house inherent in available two basic units – air handling 
unit with heat recovery and heat pump that minimize heat and energy costs. 

Smart house, as a component of Cyber-Physical Systems (CPS), in many aspects of its 
construction and operation is among a number of other CPS components, which interacts 
at different structural levels. For example, there is a direct relationship of Smart Houses 
and Smart Energetics that consists of principally new possibilities of power structures of 
such houses to generate energy, including electricity, and transmit it to the power supply. 
On the other hand, smart house can be represented as any house in line: passive house → 
Net-zero energy house → active house (Fig. 8.1), that due to the use of modern 
information-based technologies, including the use of smart sensors and other 
achievements of metrology capable within its intellectual ability, to form own conduct, 
especially in the field of energy efficiency → energy saving → energy generation, and to 
form independent structure of type of Smart houses' grid [7]. 

 

Fig. 8.1. Smart houses and level of energy consumption/generation. 

Let us consider how much this state reflects the aims of the USA development program 
in the field of CPS [8], which in our opinion is ideally suited to the development of the 
construction and architecture industry of Smart houses. The program focuses on four areas 
which are closely interrelated: (1) material characterization – in this chapter it corresponds 
to materials science [9], construction and architecture, (2) real-time process control – 
operation of constructed buildings, (3) process and product qualification – choices of 
projects based on new materials and technologies, and (4) systems integration – 
implementation of projects and built houses in the environment at the 1st stage and at the 
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2nd stage the formation of Smart houses’ community with appreciation of their 
interdependent relations and impact on significantly greater areas of this very 
environment. 

Such the house should be closed in heat shell covering space of temperature comfort 
which means that in winter the temperature of all the rooms exceeds 15 С. The shell 
should create heat insulation in every place of the house; minimum thickness of insulation 
in every place of shell makes at least 0.25 m while a coefficient of thermal conductivity λ 
is equal 0.04 W/(m∙K). Passive house average heat flow of wall would be equal to  
0.1 W/(m2∙K), whereas for the best windows 0.5 W/(m2∙K). Note that according to EU 
Norms buildings after reconstruction (area above 100 m2) are subject to compulsory 
testing on heat insulation loss that does not exceed the normalized values. 

One of the few methods for studying heat loss provides applying the thermal imager that 
gives a momentary picture of the building constructions. Unfortunately the thermal 
imagers, as well as the pyrometers relating to the radiant receivers, show only a qualitative 
picture of the temperature distribution on the surfaces, or measurement results are inherent 
in a significant uncertainty due to uncertainty of radiating possibility of these surfaces 
[10]. Therefore we consider below the mentioned measuring means exactness caused by 
the nature of thermal measurement and state of existing knowledge about the measured 
objects. 

8.2. Improvement of Energy Balance of the House due to Exact Contactless 
Temperature Measurement of Surfaces 

Each body, temperature of which is higher than 0 K, emits electromagnetic waves. Then 
the energy from one body is transmitted to another by means of the radiation and 
absorption of these waves. The process is correctly described by the laws of thermal 
radiation, following from Planck's law for a black body. This phenomenon is applied in 
thermometry for creating the pyrometers that are recently expanded in science and 
industry. Taking into account a number of their unique features and, first of all, the 
possibility of remote determination of temperature, avoiding the direct contact of the 
measuring mean with the object, we do not distort the temperature field of the measured 
object and thereby increase the accuracy of measurements. However, a significant 
disadvantage of contactless measuring the temperature is the lack of information on the 
true value of the emissivity factor of an object under study. 

Measuring instrument designed for contactless measuring temperature (Table 8.3) and 
based on the registration of heat radiation of the measurement object is denominated as 
pyrometer [11]. Multiwavelength pyrometer is a pyrometer of spectral distribution, the 
operation principle of which is based on determining the body temperature that depends 
on the ratios of its energy brightness in the three (four or more) wavelength bands. That 
is the next stage in the development of the well-known ratio or two-color pyrometer. 

The contactless measurement takes place from a definite distance, so the temperature field 
is not perturbed. The body, temperature of which is measured with a pyrometer, is in a 
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state of thermodynamic equilibrium and have absorption coefficient close to 1. The 
radiation temperature range is 0.4 … 20 µm that has the greatest significance in 
pyrometry. There exist brightness pyrometers, color pyrometers, ratio pyrometers, 
multiwavelength pyrometers, disappearing filament pyrometers, thin filament pyrometers, 
and full radiation pyrometers. 

Table 8.3. Methods of contactless temperature measurement. 

Properties of the object radiation spectrum Measuring mean 
Radiance of body which with sufficient approximation is 
described by Stefan-Boltzmann’s law for black body 

Full radiation pyrometer 

Power brightness of a body in the limited wavelengths 
band within which is impossible to apply the Planck’s 
formula and Stefan-Boltzmann’s law 

Partial radiation pyrometer 

Power brightness in the narrow range of wavelengths 
within which is possible to apply Planck’s equation 

Quasi-monochromatic 
pyrometer (brightness 
pyrometer, optical pyrometer) 

The ratio of power brightnesses in two wavebands 
Ratio pyrometer (two-color 
pyrometer) 

The ratio of power brightnesses in three or more 
wavebands 

Pyrometer of multiple ratios, or 
multiwavelength pyrometer 

 

Brightness pyrometer is characterized by the smallest error of measuring in the 
temperature range 1000…10000 K. In the simplest visual brightness disappearing 
filament pyrometer, the image of an object is focused through the lens onto the plane, in 
which the incandescent lamp filament is located. By adjusting current the operator (who 
observes the object through an eyeglass and red optical filter selecting a narrow spectral 
zone with the wavelengths of   0.65 µm) achieves equalization of the filament 
brightness and the object surface brightness. The milliammeter scale is calibrated in 
Kelvins, and the brightness temperature ТB is recorded at a point of brightness 
equalization. The true temperature is defined on the basis of Kirchhoff’s and Planck’s 

laws of radiation: 2

2 ,ln
B

ef B T

T C
T

C T a



 with С2 = 0.01488 mК that is the 2nd radiation 

constant; λT is an absorption coefficient; ef is an effective wavelength of the pyrometer. 
Accuracy of measurement results depends on the rigor of fulfillment of pyrometer 
measurements. It may oscillate considerably due to the individual peculiarities of a 
person’s eyesight. To resolve this error components usually apply the photoelectric 
pyrometers. 

To measure the temperature of objects with a constant coefficient  in the optical range 
of the spectrum, the two-color pyrometers are used. They measure the ratio of brightnesses 
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 mainly in blue and red wavebands. Pyrometer scale shows ТC, and the true 

temperature is defined by the appropriate expression. Two-color pyrometer’s errors are 
larger than the errors of brightness pyrometers. More sensitive, but at the same time less 
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accurate are radiation pyrometers that record full-body radiation. Their application is 
based on the Stefan-Boltzmann and Kirchhoff's laws. The instrument scale records the so-
called radiation temperature ТR. At present, the companies producing these pyrometers in 
their promotional materials, supply not fully correct indicators of the mentioned means 
accuracy, bypassing the fact that the real objects are inherent in dissimilar values of the 
emissivity factors ε comparing with the black-body on which they are graded. It is 
evidenced by at least a series of pyrometers (Table 8.4) [12]. 

Radiation pyrometer is a pyrometer, operation of which is based on the temperature 
dependence of integral energetic brightness of radiating body that is defined with 
sufficient approximation by Stephan-Boltzmann and Kirchhoff’s radiation laws. Non-
selective thermal receivers serve to absorb radiation in such pyrometers. The objective of 
such pyrometers focuses on the observed radiation on a detector, which is usually a 
thermopile or a bolometer. The detector’s signal is recorded by an instrument that is 
calibrated with respect to a blackbody and that indicates the radiation temperature TR. 
Pyrometers can be used to measure temperatures beginning from 200 °C in industry, in 
temperature monitoring and control systems for a variety of technological processes. 

Table 8.4. Pyrometers of the Raytek Co. with the low-temperature limit of measurement. 

 

Mini 
Temp

ST Pro & ST Pro Plus MX 
Food 
Pro 

3i 

Compact 
series 

Professional technical 
diagnostics 

Technical 
diagnostics and 

analytics 

Photo 
regi-

stration 

Food 
safety 

High temp-
re special 

series 

  

 

MT4 ST20 ST60 ST80 MX2 MX4+
MX6 
Photo 
Temp

FP1 3i 

Application 

Electro-
diagnos-
tics, car-

care 

Electro diagnostics, 
ventilation, heating, air 
conditioning, techno-

logical equipment 

Preventive maintenance, 
data registration 

Food 
industry 

Metallurgy, 
glass 

production, 
plastics 

Measur. 
range, °С 

18...275
32-
535 

32- 600 32-760 30-900 30-900 30-932 30-200 30-3000 

Exactness 2 % 1 % 1 % 1 % 0.75 % 0.75 % 0.75 % 1°С 0.1 % 
Em.factor 0.95 0.95 Reg-le Reg-le Reg-le Reg-le Reg-le 0.95 Reg-le 

 

The conditional temperature of the body that numerally equals such temperature of the 
black body, at which spectral power brightnesses (radiances) of both bodies for same 
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wavelength are equal. The link between the actual thermodynamic temperature TT, the 
temperature of the radiation TR and the value of the integral emissivity factor is given by 
the dependence: 

  4/T R TT T T  (8.1) 

Here ε is the emissivity dimensionless factor which equals the ratio of a certain energy 
quantity of a thermal radiator (energy luminosity, radiance) to the same quantity of the 
blackbody at the same temperature of both emitters. A body that does not absorb all 
incident radiation (sometimes known as a grey body) emits less total energy than a black 
body and is characterized by ε < 1. For a grey body, the spectral radiance is a portion of 
the black body radiance, determined by the emissivity factor ε. That makes the reciprocal 

of the brightness temperature: 1
ln 1 .

B

h

k T
B

B

k e

T h



 

 
   
  

 At low frequency and high temperatures 

when Bh k T   we can use the Rayleigh-Jeans law: 
2

2

2 Bk T
I

c


  so that the brightness 

temperature can be simply written as TB = εT. In general, the brightness temperature is a 
function of ν, and only in the case of blackbody radiation is it the same at all frequencies. 
The brightness temperature can be used to calculate the spectral index of a body, in the 
case of non-thermal radiation. 

For brightness pyrometer the link between the actual thermodynamic temperature TT, the 
brightness temperature TB and the value of monochromatic emissivity factor ε(λ, TT) for 
the wavelength λ are described by the dependence [11]: 

 
2

1 1
ln ( , )T

T B

T
T T C

     (8.2) 

Ratio pyrometer is the pyrometer the principle of operation of which is based on the 
dependence of the ratio of body radiance in two spectral intervals on the temperature of 
this body. It relies on the fact that Planck's law, which relates temperature to the intensity 
of radiation emitted at particular wavelengths, can be solved for temperature if Planck’s 
statement of the intensities at two different wavelengths is divided. This solution assumes 
that the emissivity is the same at both wavelengths and cancels out in the ratio. This is 
known as the gray body assumption. This pyrometer consists essentially of two brightness 
pyrometers in a single instrument. Temperature measured by such pyrometers is called 
color temperature or spectral temperature of the 1st order. 

The link between the actual thermodynamic temperature TT, the temperature of the 
spectral ratio of TSR and the values of monochromatic emissivity factors ε (λ1, TT) and ε(λ2, 
TT) for the wavelengths λ1, λ2 is described by the dependence [17]: 
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8.3. The practice of Pyrometry and Analysis of Problem 

Analyzing equations (8.1-8.3) one can notice quite a fundamental circumstances that 
significantly impedes the precision pyrometers implementation, namely the insufficient 
knowledge or even lack of information on the true values of the emissivity factor of the 
measured objects at the necessary wavelengths for different temperature ranges. To 
determine true thermodynamic temperature TT of the measured object, let’s analyze of the 
amendment ΔТТ, which should be added to the value of the particular object’s temperature 
TR measured by radiation pyrometer: 

  4 1 1T RT T     (8.4) 

We have accessed the amendment ΔТТ by altering the factor ε in the range 0.1 … 0.9. It is 
estimated at 1.3 K … 38.9 K for object temperature TR = 50 K, and as 11.7 K …350 K for 
temperature TR = 500 K. 

An ideal object of temperature measurement with the help of a pyrometer should have an 
emissivity factor ε equal to 1.0. Such an object is idealized one and therefore called as 
absolutely black body for which the laws of irradiation arising from Planck's law are true. 
In practical thermometry objects of measurement with the properties of absolute black 
body do not exist practically. Therefore, so-called "Blackbody models" are applied usually 
in the pyrometry, and their characteristics only partially correspond to ideal black body. 
According to [11], Blackbody model is the thermal emitter, close to black body in 
characteristics, which is used for the practical reproduction of black body radiation. 
Blackbody model is a chamber which is heated and has a hole to withdraw the  
radiation outside. 

In practical metrology "Blackbody models" carry out pyrometers calibration and 
metrological testing, which, in turn, affect the result of determining the temperature of the 
object, since the characteristics of irradiation of the measured objects differ significantly 
from the corresponding characteristics from "Blackbody models". The latter is the tube 
that is heated and has a hole in the wall to output the radiation. Basically, the blackbody 
concept is not quite correct since the color concept is associated with much shorter 
wavelengths of the optical range than considered infrared wavelengths. In contrast to 
blackbody, most objects are considered either "gray bogy" with emissive factor ε ≠ 1, but 
unchangeable throughout the wavelength range, or the "real body", with changeable 
emissivity factor ε, dependent on the wavelength and temperature. 

When measuring the temperature of objects falling under the classification of "real body" 
there arise the serious problem with accuracy and reliability. The vast majority of 
pyrometers, which are graduated with help of the blackbody, automatically compute the 
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received by sensitive element radiation (from the measured object) and transform it into 
the temperature value. Herewith they did not take into account the value of object’s 
emissivity factor ε. Thus, if the measured object is inherent in emissivity factor ε = 0.1 
and the pyrometer is graded with help of the blackbody, then only ~10 % of the radiation 
energy would be perceived by sensitive element of pyrometer, and respectively the 
determined temperature would be substantially lower than the actual one. Otherwise, the 
determination of the temperature of the object with unknown emissivity factor becomes 
incorrect as introduces additional methodological error. Taking into account the above, it 
can be stated that the lack of information about the actual value of the emissivity factor of 
the measuring object is a significant source of error/uncertainty in determining the 
temperature by pyrometers. The problem is complicated by the dependence of emissivity 
factor on a number of parameters, and mainly on the temperature. To wit, factor ε is an 
implicit function of determined temperature. 

One can find the most versatile and original recommendations on solving the problem of 
the emissivity factor in determining the object's surface temperature. They are mainly 
grouped in [11] and are as follows: 

1. We can obtain exact temperature measurement results of the particular surface, 
calibrating previously the pyrometer at a certain temperature. To realize this, it needs to 
apply the contact thermometer and to measure the temperature with it. Then setting 
different values of the emissivity factor ε on the front panel of the pyrometer, achieve 
coincidence of the measurement result for both means (pyrometer and thermometer). 

2. In the range of middle-high temperatures (up to 260 °C), black strips with a factor  
ε = 0.95 can be used to measure surface temperature. Then set the value ε = 0.95 in 
pyrometer and measure the temperature. 

3. Measuring in the range of high temperatures needs to drill a hole (the depth is six times 
larger than the diameter), which can serve as the blackbody with an emissivity  
factor ε = 1.0. 

4. If it is possible, the object surface or its small area can be painted by black matte paint 
with emissivity factor 1.0. 

5. The values of the emissivity factors for most of the materials with different states of 
their surfaces are published [13]. One can use them to set a predicted value of ε. 

The originality of the above recommendations for determining the temperature overrides 
the main advantage of contactless means of temperature measurement, namely, the 
absence of direct contact with the measuring object. If one has the opportunity, as 
suggested above, to access the object of measurement, to gloss black ribbons, to paint 
black or to drill holes in it, then why contactless measuring means have to be applied?! 

Information about the true value of the emissivity factor of the bulk surface seems to be 
absolutely necessary for the exact determination of its temperature by means of 
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contactless thermometry. Value of this factor ε is within 0…1 and depends on many 
impacts, in particular, on: 

- The kind of substance from which the object of research has been produced: f.e., for 
paper the typical value is 0.9, for stainless steel 0.3, and for silver 0.03; 

- The surface structure of the object under study: thus, emissivity factor of the rough 
surface that was made from the stainless steel is equal to 0.3, the same surface after the 
sandblasting is characterized by 0.7, and after polishing 0.14; 

- The spectral range of radiation which falls on the sensitive element of the pyrometer. 
For example, the emissivity factor of the polished stainless steel surface: in the long-
wave range (8...14 µm) is 0.14, and in the short-wave (2... 5.6 µm) is 0.18. 

- The inclination angle of the pyrometer relative to the measuring surface (Fig. 8.2). 

Therefore, it should be taken into account that the emissivity factor of the real body is a 
complex function that depends on many factors, and in particular: the nature of the 
radiating body, its temperature, the state of the surface and so on. Therefore in pyrometry 
and thermography the mean value of monochromatic emissivity factor in the direction 
towards the normal to the measured surface in the spectral band within which the 
particular measuring means are used. 

α

εob > ε´ob 

εob 

ε´ob 

ε

εob = f(α) 

εob

 

Fig. 8.2. Thermogram of the medal with uniform temperature distribution envisaged  
the dependence of emissivity factor ε on the viewing angle α. 

This parameter for the spectral band is described by the dependence: 
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It should be noted also that the mentioned factor of the object depends on the viewing 
angle of the measuring mean. Thus, in thermography, it is possible to observe obvious 
differences in the visual distribution of temperature along the surface of an object made 
from a homogeneous material, temperature of which really is uniform. Here we can admit 
the correlation of the visual temperature distribution with the inhomogeneity of the 
object’s relief. In turn, it illustrates the heterogeneity of the distribution of the emissivity 
factor of the object. 

For metals, the dependence of the emissivity factor on the viewing angle is rather 
nonlinear. For the angles bigger than 60 the radiating power for the presented alloys 
grow, reaching maximum at α ≈ 85, after which sharply drops down. Thus, when 
measuring the flat metallic surfaces, the viewing angle should be lesser than 60, and when 
measuring the temperature of the surface of convex objects, measurements should be 
made from several sides. The dependence of the radiating power of the heat-resistant 
alloys on the temperature can be conventionally divided into two groups: a) the nickel-
based alloys, which the state of surfaces degrades and therefore the emissivity factor 
irreversibly increases due to form an oxide film on surface at temperatures above 700 С; 
b) the platinum-based alloys, here surfaces remain unchanged with temperature, and the 
insignificant growth of their emissivity factor due to reversible nature. 

The underpinning pillar for creating physical models of the radiating ability and emissivity 
factor of an object under study seems to be the dependency that describes the spectral 
radiating power arising from Maxwell's theory. In applied pyrometry, the models of the 
radiating ability of metals are based on the Hagen-Rubens law. According to the principles 
of electrodynamics, it follows that for metals, in the range of long-wave radiation, the 
emissivity factor is a function of surface electric resistance and frequency of 
electromagnetic radiation: 
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Here r is the surface electric resistance [Ω·mm2/m], с0 is the light velocity in a vacuum, 
µ0 is the magnetic permeability of a vacuum. The emissivity factor of most metals is 
satisfactorily described by (8.7) at the wavelengths λ > 10 μm. However, in the wavelength 
range 5 μm < λ < 10 μm, most preferable is the dependence: 
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Detailed information about the relationships of the real objects emitting ability to impact 
the diverse factors can be found in [11, 13, 14]. 
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8.4. Minimization of the Measurement Error of Pyrometer 

A method for determining the integral value of the radiant properties of materials, based 
on Stefan-Boltzmann's law, is realized (with help of thermocouple measuring the 

temperature of the controlled surface) on the basis of the dependence: 
4
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T
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, where 

TT is the thermodynamic temperature. In this case, the significant error is brought into the 
measurement result due to substantial heat removal through the thermocouple electrodes, 
and this error rises with temperature [14]. 

We consider the closest method of determining the integral value of the radiant properties 
of the surface. It bases on Stefan-Boltzmann's law and consists of measuring the intensity 
of the radiant heat exchange between the object surface and the sensitive element of 
measuring instrument at the known temperature of the latter. The exchange is expressed 
in the radiation temperature attributed to the scale marks of the mean (f.e., pyrometer) 
during calibration. At the same time, the calibration of radiation pyrometers is carried out 
using the blackbody model, for which it is assumed that the emissivity factor is close to 
1. Since the real samples of controlled objects are characterized by certain values of 
factors, different from 1, the significant error of more than 10 % arises in the readouts of 
pyrometers. As a result, for one group of radiation pyrometers, is assumed in advance that 
they are operated at the same value (0.95) of the emissivity factor of the controlled 
material, or rather of the reduced factor of the thermodynamic system “pyrometer – 
measuring surface”; for another group of more complex types of radiation pyrometers this 
factor can be adjusted manually by the metrologist on the instrument panel within the 
limits of 0.1 (0.3)... 1.0. As result of ignorance of the real value of the emissivity factor, 
significant methodological error arises. To a greater extent, the abovementioned applies 
to thermal imagers, which, as a result, only show a qualitative picture, for example, of 
heat loss of a building. In order to avoid significant error, the application of special tables 
with the emissivity factors of various materials and the degree of surface treatment is 
recommended [13]. For instance, the emissivity factor of oxidized steel is equal to 0.85 
and the polished steel surface is 0.075. The problem is solved by analyzing the heat 
exchange peculiarities in the system “pyrometer (thermal imager) – object with its 
measured surface”. 

To understand the essence of the proposed method, first of all, we consider the flow of 
energy E0, which is radiated from the measured surface to the pyrometer, more precisely 
to its blackened plate, on which the receiver of energy (thermopile, bolometers, or others) 
is deployed According to the law of Stefan-Boltzmann, it is equal to: 

4
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, where С0 = 108ꞏσ = 5.7 [W/m2К4] is the radiation factor of the 

black body. When the body is not black, but, for example, "gray", the desired emissivity 
factor ε ≤ 1 is implemented. It describes how much radiation of this body is less intense 
than the radiation of the blackbody. The radiant heat exchange between two bodies 
(measured surface of area S with its εsurf and sensitive element of the pyrometer with its 
εpyr) is determined by the difference of 2 flows of effective radiation as: 
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is adjusted for the two-bodies system and is dependent on the objects' radiation area ratio. 

For each value of q, when calibrating the pyrometer, a certain value of the radiation 
temperature is assigned. It is due to the specific structure of each pyrometer with its 
characteristic coefficient A of converting the energy flow into the heating of the sensitive 
element as well as further processing of the signal received from it. Note that coefficient 
A should also take into account the value 0C S . In this case, the calibration is carried out 
on the Blackbody model, trying to achieve the condition εse → 1. As a result, one can 
obtain the equation of the conversion function of the pyrometer, expressed through the 
radiant heat exchange between its sensitive element and the measured surface: 

 ; ;R R surf se seT T T T  . There are 2 unknowns in it that are Tsurf and εse. An equation can be 

solved only by taking that εse → 1. However, such a path leads to a significant 
methodological error. 

Therefore, in the developed method [3], conditions are created for the preliminary 
determination of the reduced emissivity factor εr in order to obtain further an unambiguous 

conversion function of the pyrometer in the form  
;se r

R R surf
T Const Const

T T T
 

  at the 

known values of the sensitive element temperature and the emissivity factor. For this 
purpose, we consider below the system of 2 equations with 2 mentioned unknowns, and 
here the 2nd equation describes the state of heat exchange between the surfaces of the 
measured object and previously warmed up sensitive element of the measuring instrument 
per a few degrees (ΔT): 
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Subtracting the equation (8.11) from (8.10), obtain: 
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Taking into account that the hot junctions of the thermopile of pyrometer are preferably 
located on a platinum lobe covered with platinum black and realizing the conditions for 
the achievement of εse → 1, we can see that εr ≈ εsurf. Then (8.12) is transformed into the 
following equation: 

 8 3 2 2 3 410 4 6 ( ) 4 ( ) ( )R surf se se seT A T T T T T T T             (8.13) 

For calculation is enough to use the first two terms of a polynomial since each next 
component in bracket is approximately at 2 orders of magnitude smaller than the previous 
component (for instance at ΔT = 0.01 Tse): 

 8 3 2 2
010 4 6 ( )P surf se seT C S T T T T         (8.14) 

Herefrom we obtain an expression for calculating the emissivity factor of the measured 
surface of the object: 
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8.5. Example of Implementing the Method 

Let's assume that in order to ensure the efficiency of the method and the simplicity of 
further calculations, an increase in the temperature of the sensitive element ΔT, equal to  
1 % from Tse, is set. Then the equation (8.15) is simplified to: 
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When the measuring device together with the sensitive element is located at 293 K, the 
simple expression can be obtained for further calculations: 
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Here А [1/К] is the factor of transforming the heating flow into the readings under the 
conditions given in the specifications on the pyrometer. So, to perform the objective 
measurement we have to use the pre-calibrated pyrometer (thermal imager) with known 
factor A. The measuring device is equipped with an electrical heater of the sensitive 
element, provided by the power supply. An additional temperature sensor, f.e. a 
thermistor, is installed on the surface of sensitive element and switched into the bridge 
circuit. It permits to set a controlled temperature decrement on the sensitive element. The 
quality result is achieved by determining the mentioned factor of the substance at dual 
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measurements of the same surface. That enables to increase substantially the accuracy of 
temperature measurements [15]. 

8.6. Conclusions 

Application of contactless temperature methods, for instance, energy-efficient houses 
designing, needs the continuous development of the method for determining the 
emissivity factor of the heated object, aiming to carry out a precise measurement of heat 
flows. That, in turn, allows characterize with high reliability the heat insulation of building 
materials and products and, thus, creates the basis for determining the suitability of 
building components and structures on compliance with state and international standards. 
The latter can also be used for calibrating the technical pyrometers that are in the field of 
measuring temperature, namely radiation pyrometers, in the field of exact temperature 
measurements in industrial or/and laboratory conditions, since the determination of the 
emissivity factor contributes to the highly accurate measurement of heat flows. Similar 
concerns to the thermal imaging technique. 
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Chapter 9 
Indoor Stereo Photogrammetry  
via Omnidirectional Multicamera System 
Case Study: Ladybug2 

Cumhur Sahin and Bahadir Ergun 1 

9.1. Introduction 

Currently, omnidirectional cameras are widely used in close range photogrammetric 
applications. There are several types of omnidirectional cameras which can be classified 
mainly as central and non-central cameras. Among the non-central cameras finding the 
rotating camera, which consists of a conventional camera with a mechanic system that 
allows it to move along a circular trajectory and to acquire images from the surroundings. 
These are multi camera systems which are camera clusters of conventional cameras 
pointing to different directions in a particular configuration. Another type of non-central 
systems are dioptric systems which use wide-angle lenses such as fisheye lenses combined 
with conventional camera [1]. The central omnidirectional cameras are those which satisfy 
the single-viewpoint characteristic. This is an important characteristic since it allows to 
easily calculate the directions of light rays coming into the camera [1]. 

Multi camera systems (MCSn (n > 2) are usually developed for applications for which 
two-image stereo vision is not flexible enough to capture the environment surrounding a 
moving platform. A few examples of such cases are 360° multi camera panoramic imaging 
sensors, vehicle autonomous navigation cameras, indoor cameras and multi view 
reconstruction. Based on applications that an MCSn (n > 2) is designed for, cameras are 
mounted in a wide variety of geometric configurations; therefore, a system calibration 
method needs to be flexible enough to work with any configuration. In recent literature, 
the following two main configurations have been considered for a multi view MCSn  
(n > 2): (1) The cameras are mounted solidly on an object or a piece of apparatus (such as 
the walls of a building or a multi camera rig). (2) The cameras are mounted on a solid, but 
movable, frame (for example, a multi camera semi-panoramic system) [2]. 
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Multi camera systems composed of several perspective cameras have been built at least 
as early as in 1884, initially mainly if not exclusively for aerial imaging. The earliest work 
known to us is that of Triboulet, experimented from 1884 on with a multi camera system 
consisting of seven cameras attached to a balloon: one camera looked downward and six 
cameras were equally distributed around the balloon’s circumference (the system thus 
resembles the popular Ladybug sensor by Point Grey) [3]. 

Since a single camera can only cover a limited range, multiple cameras forming a multi 
camera system (MCS) are involved to assemble a large field of view (FOV) needed for 
stereo reconstruction, combined surveillance, environment perception, distributed 
tracking, or multi object measurement, without being dependent on expensive 
omnidirectional visual sensors [4]. The capabilities of these systems, in terms of device 
developments and data processing technology, have been improved significantly in recent 
years, with lighter, smaller and low-cost approaches such as the Giroptic 360 cam, Go Pro 
360°, Kodak PixPro SP360, Ladybug5, Google Jump system and Ricoh Theta S. 
However, the use of 360° images in close range photogrammetry still requires some 
research in camera modelling and calibration, since most of these systems were not 
developed for metric purposes [5]. 

When wishing to view more of the surrounding environment, a multi camera system 
(MCS) offers great potential for geomatics instrumentation, robotics, car navigation, 
entertainment systems and even space applications (such as spacecraft docking navigation 
systems). The technology based on multi view geometry is inexpensive, accessible and 
highly customizable. A fixed-structure MCS consists of a set of cameras mounted on a 
solid platform and is generally simple and flexible enough to focus on the regions of 
interest. Today, MCSs exist using a wide variety of platforms, some as simple and cheap 
as 360° cameras and small robots, others as being expensive autonomous cars or complex 
satellite structures [2]. 

Such systems can be deployed in many different types of applications: infrastructure 
health monitoring, cultural heritage documentation, bio-medicine, as-built surveys, and 
indoor or outdoor mobile mapping for example [6]. 

Recently published literature on MCSs highlights a wide range of real-world and futuristic 
applications [2]. Today, there are several applications which are done with multi camera 
systems. For instance; [7] presents the development of an underwater omnidirectional 
multi camera system (OMS) based on a commercially available six-camera system, 
originally designed for land applications [7]. A low-cost and lightweight Personal Mobile 
Terrestrial System (PMTS) comprising an omnidirectional camera with off-the-shelf 
navigation systems was presented and assessed in [8]. [9] aims to develop a spherical 
photogrammetry imaging system for the purpose of 3D measurement through a 
backpacked mobile mapping system (MMS). The aim of [10] is to present some tests 
conducted with the omnicamera Panono 360° which reach a final resolution comparable 
with a traditional camera and to validate, after almost ten years from the first experiment, 
its reliability for architectural surveying purposes [10]. [11] presents an automatic mutual 
information (MI) registration method for mobile LiDAR and panoramas collected from a 
driving vehicle. Optical images are panoramic images, which are originally taken from 
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Ladybug3 consisting of 6 Fisheye cameras [11]. [12] addresses the problem of estimating 
the intrinsic parameters of the 3D Velodyne lidar while at the same time computing its 
extrinsic calibration with respect to a rigidly connected camera. In order to address this 
issue, [12] divide the problem into two least-squares sub-problems, and analytically solve 
each one to determine a precise initial estimate for the unknown parameters [12]. In order 
to validate the proposed calibration method, conducting a series of experiments using a 
Velodyne revolving-head 3D LIDAR and a Ladybug2 spherical vision system [13]. The 
TRADR outdoor robot for urban search and rescue (USAR) missions lacks a high quality 
pan-tilt-zoom (PTZ) camera. This fact is criticized by some rescuers. The purpose of this 
project is to find a possible solution. PTZ function can be simulated by using an existing 
virtual camera, which uses data from Ladybug3 [14]. The aim of [15] is to develop an 
absolute visual localization system of an Omni-wheeled robot for indoor navigation. 
Omni-wheeled based robots have omnidirectional drive capacity. An omni-robot platform 
with four omnidirectional wheels powered by dynamixel motor and a scanning platform 
has been developed [15]. Omni-platforms provide flexibility and high maneuverability to 
motion planners and human drivers due to its capacity to move side wise without changing 
its orientation [15]. [16] explores the potential of immersive videography in 
photogrammetry. Immersive video is created from multiple cameras arranged together 
with each camera looking at a specific angle. Immersive video cameras, mounted together 
by the producer (Ladybug cameras) or by the user (GoPro cameras), create approximately 
10-30 frames (panoramas) per second. [16] presents concepts based on a mobile 
immersive camera where this high number of images is necessary for 3D modelling [16]. 
[17] proposes binocular and trinocular hardware-oriented adaptive window size disparity 
estimation algorithms, which target high-resolution video with high-quality disparity 
results. [17] proposes a high-resolution high-quality multiple-camera depth map 
estimation hardware. The application of computer-assisted imaging methodologies are 
useful for mapping, navigation and positioning of bird’s eye view images and in the 
custom operation of moving platforms/vehicles which are close to the seabed and can 
submerge. For this purpose, in [18], a conical panoramic imaging system and a stereo 
conical imaging system with 6 and 12 sensors have been developed and a mathematical 
model of this process is provided in [18]. 

The disadvantage of multi camera panoramic imaging systems is the difficulty of 
obtaining a single projection center for the cameras [19]. The geometric calibration of a 
system comprising multiple cameras has two components: a camera calibration of each 
camera in the system and an estimation of the position and orientation of the cameras 
involved in the system with respect to a reference camera [6]. The main problem when 
working with multiple cameras is the determination of the exact geometric relationship 
between the different camera frames. These rotations and translations are referred to as 
the extrinsic parameters [7]. When the studies which have been documented in the 
literature are examined, an important problem seems to be the calibration for stereo vision 
panoramic studies. Although various kinds of calibration methods for omnidirectional 
cameras are suggested, most of them are limited to calibrate catadioptric cameras or 
fisheye cameras and cannot be applied directly to multi‐camera systems [20]. Calibration 
is a mandatory step for most camera applications. It enables the use of many computer 
vision tools for tasks, such as 3D reconstruction or motion estimation. Calibration for 
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multi camera systems typically covers two different sets of parameters: intrinsic 
parameters, concerning the image formation geometry for each individual camera, and 
extrinsic parameters, which describe the relative positions and orientations between 
cameras. In omnidirectional multi camera systems, the calibration of the extrinsic 
parameters is an important challenge [7]. Currently, the calibration of multi camera 
systems is still one of the most extensively studied subjects. 

Considering that these systems are composed of multiple cameras, relative orientation 
parameters (ROPs) need to be estimated to make feasible the use of a single set of exterior 
orientation parameters (EOPs) for the component images and to generate composite 
images. In these new commercial systems, cameras are arranged in the same compact and 
closed structure, which hinders direct ROP measurements and thus requiring indirect 
estimation. The calibration of spherical cameras requires that object points are evenly 
distributed around the camera (to produce suitable geometry) and also that they are 
accurately measured in the images. Therefore, a proper 360° camera calibration field is 
required. A critical process in camera calibration is the extraction of accurate image point 
coordinates [5]. 

Like the similar studies in the literature, a calibration room with control points distributed 
to 360 degrees was installed for this study. In this study, a calibration room was prepared 
for Ladybug2 camera and the inner orientation and outer orientation parameters of the 
camera were calculated with the help of the resulting images. After this calibration field 
study, images were taken from Ladybug2 camera from 5 different locations of the same 
room. The internal and outer orientation parameters of each camera in the Ladybug2 
camera system were calculated with the help of the obtained images according to the 
fisheye model by using additional parameters. Thus, internal geometry of a camera was 
determined depending on the location of each independent camera. This internal geometry 
was compared with the geometry of the manufacturer and the results were reported. Then, 
the details on the panoramic images obtained from different locations were calculated in 
a stereoscopically suggested panoramic projection model. 

In order to perform stereo panoramic application, the panoramic image was obtained from 
two different points in the calibration room and photogrammetric three-dimensional 
coordinates were calculated for the determined targets. 

In order to determine this, the panoramic images obtained with the Ladybug2 camera in 
both positions were segmented camera by camera in the same order as the inner 
orientation and outer orientation parameters according to the calibration parameters. 
These were calculated in the calibration step with the same order and the same image. 
Detailed information is presented in the experiment section. For example, in accordance 
with this segmentation, the point of the object to be studied photogrammetrically is 
obtained from the first camera in the first panoramic image, and from the fourth camera 
in the second panoramic view. Thus, the inner and outer parameters to be used for the 
calculation of the object point would be for the parameters of the first and the  
fourth cameras. 
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These photogrammetrically generated three-dimensional coordinates are compared with 
the laser scanning data of the same calibration room and the results are interpreted 
accordingly. In this study, the fundamentals of integration and testing processes have been 
designed with a flowchart which is shown in Fig. 9.1. 

 

Fig. 9.1. Flowchart of suggested working algorithm. 

This chapter can be summarized as such: 

 Introduction; 

 Coordinate Systems and Calibration; 

 Application; 

 Results of Application; 

 Conclusion. 

In the second section of this chapter, some information about the geometric model of 
panoramic images for coordinate systems and their calibration are given. Third section is 
about the application. This section describes the calibration room design and the 
installation of the camera with additional parameters according to the fisheye model which 
are described in the second section, and the installation method used to obtain stereo 
panorama using Ladybug2 panoramic camera. Section four describes the results of 
application and its analysis by measurements with reference to the stereo panoramic 
model and the photogrammetrical evaluation made by stereo-panoramic images. Last 
section is the conclusion chapter which focuses on the results of analysis and provides 
some comments over the study. 
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9.2. Coordinate Systems and Calibration 

Panoramic modelling is designed in order to provide users with a full 360-degree 
landscape viewing and observation. Spherical panoramic structure is a kind of sphere 
model. The observation point is located in the center of the sphere [21]. The coordinate 
systems used in the panoramic cameras are not only the Cartesian object coordinate 
system and the image coordinate system. It is also necessary to define a supporting 
coordinate system (cylindrical, spherical, conical) that is set to define the specific camera 
geometry. Fig. 9.2 shows the general conversion processing steps including this 
supporting coordinate system. 

 

Fig. 9.2. Coordinate systems and processing steps. 

When the image coordinates in an image coordinate system (x, y) are multiplied by 
transformation matrix, P*(X*, Y*, Z*) Panoramic coordinate system begins. This 
transformation process is expressed in equation (9.1). However, when the projection is 
passed to the coordinate system through the image coordinate system, angular correction 
must be provided to the image coordinates (x, y). These angular corrections are the 
corrections to be used in camera calibration, but they are the (9.3)-(9.5) equations which 
projectionally describe the panoramic coordinate system totally. 
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While performing transformation from the panoramic coordinate system to the object 
coordinate system, a re-transformation happens. The equation (9.2) refers to this  
re-transformation. 
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Two transformation matrices are calculated from the control points whose coordinates are 
known in reality. The three dimensional panoramic coordinate system with the object 
coordinate system is a structure whose axis directions are the same and their equivalents 
are equalized. In this case, conversion between the two systems is provided by the 
equation (9.2). 

In Fig. 9.3, general conversion operation steps include an image coordinate system 
between these auxiliary coordinate systems such as cylindrical, conical and spherical. 

 

Fig. 9.3. Structure of Coordinate Systems in Panoramic Imaging. 

Set panoramic image length is a, the spherical model of radius is R, after the image is 
mapped, the relationship between the R and a should be 2πR, so the aspect ratio of the 
panoramic image should be 2:1. Set pixel coordinates of panoramic images are p'(x, y); 
corresponding 3D point coordinates on the panoramic model are P'(X, Y, Z); the mapping 
relationship according to the literature [22] shown in Fig. 9.4 is as follows: 

The correspondence relationship between the two dimensional point p' and the spherical 
surface of three dimensional point P’ can be obtained from (9.3), (9.4) by the derivation, 
which is shown in the following formula. 
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where the angles of θ and φ are radian values. 

 

Fig. 9.4. The relation between panoramic coordinates and image coordinates  
in a panoramic image [22]. 

A geometric system calibration is usually necessary before a data acquisition mission in 
order for the results to have optimal accuracy. A typical system calibration must address 
the estimation of both the interior and the exterior, or relative, orientation parameters for 
each camera in the system [6]. Sensor calibration is known to be a critical quality 
assurance measure to maximize photogrammetric accuracy [6]. 

Based on applications that an MCSn (n > 2) is designed for, cameras are mounted in a 
wide variety of geometric configurations; therefore, a system calibration method needs to 
be flexible enough to work with any configuration [2]. 
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When the studies which have been documented in the literature are examined, an 
important problem seems to be the calibration for stereo vision panoramic studies. 
Although various kinds of calibration methods for omnidirectional cameras are suggested, 
most of them are limited to calibrate catadioptric cameras or fisheye cameras and cannot 
be applied directly to multi‐camera systems [20]. [20] propose an easy calibration method 
with closed‐form initialization and iterative optimization for omnidirectional  
multi‐camera systems. A method based on the spherical camera model is also proposed 
for rectifying omnidirectional stereo pairs. Using real data captured by Ladybug3, 
carrying out some experiments, including stereo calibration, rectification and 3D 
reconstruction. The proposed calibration method was based on a spherical model without 
intrinsic parameters. The projective properties of a group of equidistant parallel lines on 
the checkerboard have been deduced based on their geometric properties; the closed‐form 
solutions of the extrinsic parameters were obtained [20]. A geometric camera calibration 
and a panoramic film making model for multi sensor camera systems by using the 
panoramic Ladybug2 camera system have been described in [23]. Since the type of each 
of six identical lenses used in the Ladybug2 multi sensor camera is fisheye lens, the image 
is distorted to a large extent. So, an additional geometric calculation application is 
necessary to calculate this distortion. The most common approach is the one which is 
based on a polynomial approach of distortion transformation [24]. In [24], a spherical 
distortion model with a single parameter which has been proposed by [25]. The camera 
calibration necessitates estimating the interior orientation parameters (IOPs) of each 
camera, which include the principal distance, the principal point offset, and any necessary 
distortion or additional parameters [6]. A mathematical model based on built-in relative 
orientation constraints (ROCs) is reviewed and further improved by modifying it to handle 
both single and multiple reference camera(s) [6]. A mathematical model for a more 
straightforward-to-implement multi camera system calibration was described in [6]. The 
model was based on the use of a single or multiple reference camera(s) and built-in relative 
orientation constraints where the IOPs and the camera mounting parameters (CMPs) for 
all the cameras were explicitly estimated simultaneously in a single step [6]. 

A MCS not only requires intrinsic parameters calibrated for solving perspective-n-point 
problem, but also needs extrinsic parameters, i.e., relative poses between every two 
cameras estimated for coordinate unification, which is a fundamental task of global 
calibration. Traditional approaches for calibrating a MCS require some common features 
to estimate the relative poses. Therefore, it often happens that some cameras in MCS have 
no common FOV. In [4], an accurate calibration approach for non-overlapping MCS 
based on multiple targets is proposed and experiments are conducted to verify the new 
calibration approach. 

Since Ladybug5 utilizes fisheye lens with short focal length, each image contains large 
range so that the overlapped area between adjacent images can be used for seamless 
mosaicking. Meanwhile, its lens distortion is very serious and need to be corrected during 
the spherical image stitching step. Therefore, an accurate camera calibration is critical for 
this purpose. [9] suggests a spherical model, a stitching algorithm based on relative 
orientation of all cameras. It is confirmed that the proposed method can overcome the 
problems in traditional methods [9]. [9] aims to directly apply photogrammetric space 
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intersection technique for 3D mapping from a spherical image stereo-pair. For this 
purpose, several systematic calibration procedures are required, including lens distortion 
calibration, relative orientation calibration, boresight calibration for direct georeferencing, 
and spherical image calibration. The lens distortion is significant on the Ladybug2 
camera’s six original images. Meanwhile, for spherical image mosaicking from these six 
original images. However, the constructed spherical image still contains systematic error, 
which will reduce the 3D measurement accuracy. Because of this 360 degree targeted 
calibration field is necessary. 

[26] present a calibration method for multi view cameras that provides a rigorous 
maximum likelihood estimation of the mutual orientation of the cameras within a rigid 
multi camera system. The multi camera model is initialized thanks to assumptions that are 
suitable to an omnidirectional camera without a privileged direction: the cameras have the 
same setting (frequency, image resolution, FoV) and are roughly equiangular. [27] 
introduces a bundle adjustment that estimates not only the usual parameters but also the 
sub-frame-accurate synchronization and the rolling shutter. 

The multi camera system used in the study is the Ladybug2 camera. Six cameras on the 
Ladybug2 camera are fisheye lens cameras. Therefore, in this subsection, some 
information on fisheye lenses is given at first. In the literature, four distortion models are 
proposed for the calibrations of fisheye lenses, especially in studies about the use of 
fisheye cameras. Fisheye lenses have an extremely small focal length and a field of view 
close to 180 degrees or more. Fisheye lenses can be classified in four different categories 
depending on having equidistant, equisolid-angle, orthographic and/or stereographic 
projections. The structure of most fisheye lenses complies with equidistant and equisolid-
angle projection. They rarely comply with orthographic projection. Stereographic 
projections, on the other hand, are generally theoretical [28]. Among the other models 
proposed, an important one is the equidistant model. The model proposes that the distance 
between an image point and the center of radial distortion is proportional to the angle 
between a corresponding three-dimensional point, the optical center, and the optical axis 
[29]. Equidistant fisheye lenses are often used for scientific measurement where the 
measurement of angles is necessary [30]. 

Like panoramic images, geometries of the images taken from fisheye lenses are also 
different from an ideal setup of central projection. In this case, collinear equality cannot 
be used as usual [28]. 

In contrast to the central perspective projection a ray’s incidence angle α is different from 
its corresponding reflection angle β in all fisheye projections. The rays are reflected in the 
direction of the optical axis. In equation (9.6), equidistant fisheye projections are  
presented [29]. 

Equidistant projection: 

   , ' .r c   (9.6) 
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The angles of incidence are translated linearly into a radial distance within the image. 
Therefore, this projection allows for the measurement of angles in radial direction  
(e.g. celestial images). 

Equidistant projection is given in equation (9.7): 
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For the above mentioned equations, the following exceptions have to be considered: in 
the case of x = 0, the resulting image coordinate x’ equals to 0 and in case of y = 0, the 
resulting image coordinate y’ equals to 0. 

As additional parameters to compensate for deviations of the geometric fisheye model 
from the physical reality, the same parameters are applied as they are in common use for 
central perspective lenses (Eqs. (9.8) and (9.9)) [28]. 

 2 4 6 2 2
1 2 3 1 2 1 2'.( ' ' ' ) .( ' 2 ' ) 2 ' ' . ' . ')x x A r A r A r B r x B x y C x C y         ,  (9.8) 

 2 4 6 2 2
1 2 3 1 2'.( ' ' ' ) 2 ' ' .( ' 2 ' )y y A r A r A r B x y B r y       , (9.9) 

where A1, A2, A3 are the radial distortion parameters, B1, B2 are the de-centric distortion 
parameters, C1, C2 are the horizontal scale factor, shear factor. 

Several studies have been conducted in the literature to calculate extrinsic parameters of 
multi camera systems. The main problem when working with multiple cameras is the 
determination of the exact geometric relationship between different camera frames. In 
fact, the external orientation parameters of the multi camera systems consist of a three-
dimensional transformation solution. An extrinsic determination algorithm [9] is also 
presented. The lens distortion is significant on the Ladybug5 camera’s six original images. 

In this study, Cam_5 (fixed camera) is defined as the master or reference camera. After 
solving the exterior orientation, the rotation angles and spatial offsets of other cameras 
relative to Cam_5 can be obtained by equation (9.10) same as reference [9]. 

 ( ) ( )Cs Cs M
Cm M CmR R X R , 

    Cs M M
Cm Cs Cmr r r  ,  (9,10) 

where R is a rotation matrix between two cameras, 𝐶𝑠 is a slave camera, 𝐶𝑚 is a master 
camera, M is the local coordinate system, r is the relative position vector of  
two cameras. 
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In [20] algorithm of initialization, first estimate the rotation matrix. Then the translation 
can be obtained based on the estimated rotation matrix. Let PW be the coordinate of an 
arbitrary point attached to the target plane in the world reference frame and RWC be the 
3×3 ortho-normal rotation matrix that rotates the world reference frame into the camera 
head coordinate frame and TWC be the translation. Then the transformation equation that 
transforms a point from the world reference frame to the camera head coordinate frame 
can be written as equation (9.11) [20]. 

 C WC W WCP R P T   (9.11) 

Without loss of generality, assuming the model plane is on the x-y plane of the world 
coordinate system, as shown in, that is zw = 0. Let dX and dY denote the size of each 
square in the grid in XW and YW. A practical and exact method for the absolute detection 
of outer orientation parameters of Ladybug2 is suggested. As shown in Fig. 9.5, it is 
suggested that a system can be found for local camera coordinates of each sensor (camera) 
with a single block camera coordinate (Panoramic coordinate system) for the whole 
system and with their positions [31]. 

 

Fig. 9.5. Camera coordinate system. 

This is even more valid in the case of a multi camera system. A correct system calibration 
is essential for the accurate reconstruction of 3D object space required in photogrammetric 
applications. In the geometric calibration, intrinsic parameters (focal length f, lens 
distortion parameters (K1, K2), center of distortion (Cx, Cy), aspect ratio sx) and extrinsic 
parameters (position Tc, orientation Rc) of each camera c should be estimated. The 
extrinsic parameters are estimated in a unified coordinate system to obtain the relationship 
among six cameras. 

In order to obtain the relative orientation parameters (ROPs), lens distortion and interior 
orientation parameters of each camera, a camera calibration field is designed. The coded 
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targets can be detected and recognized automatically for obtaining precise image 
coordinates. 

In the similar studies also panoramic test areas (different types of calibration room) have 
been used for calibration purposes. For example: The size of the panoramic test area which 
is established at Dresden Technical University is 14 m × 5 m × 3 m with 224 points. The 
average standard deviation of control points for X, Y, Z coordinates is respectively  
0.2 mm, 0.3 mm, 0.1 mm; maximum standard deviations are 0.7 mm, 4.5 mm, 0.9 mm. 
The ETH Zurich University Test Area has a size of 15 m × 12 m × 3 m and has 96 points. 
Average standard deviation of control points for X, Y, Z coordinates is respectively  
0.3 mm, 0.3 mm, 0.1 mm; their maximum standard deviations are 0,9 mm, 0,8 mm,  
0,3 mm [32]. 

9.3. Application 

As in similar studies described in the literature, for this study, initially a calibration room 
has been allocated with 3600 control points for experiments. One of the hardware options 
offering a multi sensor panoramic imaging used in this study is the Point Grey Ladybug2 
camera system which is shown in Fig. 9.6. The image acquisition hardware in the 
Ladybug2 multi sensor camera system, is divided into two main parts: a main unit 
including six sensors and a control unit and a storage unit connected to the main unit via 
fiber optic cables. The main unit consists of a combination of six pieces of Sony 
ICX204AQ 1/3’’ CCD sensors of 4.65 µm pixel size and a resolution of 1024X768. Five 
of the sensors are on the same plane; the other sensor is on the vertical position to this 
plane. Sensors are installed on a concrete main unit. Ladybug2 is a camera system which 
allows panoramic imaging with software to automatically combine the images from these 
six sensors and doesn’t need a rotation mechanism [33]. The lenses were chosen so that 
there was a small overlap between adjacent cameras, allowing for stitching of the captured 
data. The sensors were operated at a video rate of 15 frames per second and were 
synchronized. 

 

Fig. 9.6. Ladybug2 camera system. 
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The panoramic camera which is currently used and selected as the application camera in 
this study consists of multiple cameras using fisheye lenses positioned in different 
directions. The Ladybug2 camera consists of a total of six cameras, with five cameras 
positioned at different angles to provide 3600 visibility at 72-degree angles, and one peak 
camera with 1800 viewing angle. The Ladybug2 spherical vision system consists of six 
rigidly connected, calibrated cameras equipped with wide-angle lenses. The extrinsic 
transformations between the different cameras are provided by the manufacturer with high 
accuracy. Therefore, the measurements from any of the cameras can be easily transformed 
to the Ladybug’s fixed frame of reference [16]. Software provided by Point Grey creates 
a 3D polygon mesh, which is created on calibration data. Individual images (that generate 
one panorama) specify how to rectify, rotate and translate images. Ladybug stitching is 
based on geometry, and there are some problems, because all cameras do not have the 
same viewpoint (they are slightly offset) [16]. The details of the calibration process and 
the hardware system are not revealed by Point Grey, since Ladybug2 is a  
commercial product. 

In this study, in order to integrate the photogrammetric and laser scanning data, a 
calibration room of an area of 12 m × 9 m × 4 m was established. This calibration room 
can be used for all documentation purposes in order to get reliable data using 
photogrammetric and laser scanner methods. Also, the geometry of the network has been 
established for all the three-dimensional surfaces and pipes. The floor, ceiling and walls 
have been used for the signalizing process in the room. 43 target points on the floor,  
79 target points on the walls and 78 target points on the ceiling have been signalized. In 
total, 200 target points have been established for a calibration room with various  
three-dimensional surfaces. A network design has been established especially for  
close-range photogrammetry and laser scanning integration studies. Centering on a 
landmark has been the other major source of error, especially when geodetic 
measurements were considered. It was directly related to sub-millimeter level positional 
errors which aimed at achieving sub-millimeter positional accuracy. However, in that 
case, there was a chance to remove the central error without having a central procedure. 
In fact, no central process had been done during [34]. 

As the geodetic observations show, theodolite T2002 (Wild) was used for angle 
measurements with 0.5 cc precision in the network of the calibration room. Four station 
points were determined for all angle and distance measurements. The measurement setup 
is shown in Fig. 9.7. Topcon GTS 701 was used for the distance measurement from the 
polygon points to targets with laser distance measurement of 2 mm + 2 ppm precision. 
Angle measurements were repeated in four sets of vertical and horizontal angles. Distance 
measurements from all polygons to targets were also done four times [34]. 

Geodetic data is produced by using the departmental adjustment software at Gebze 
Technical Univerity (GTU). This software also has an outlier detection process that helps 
to remove outliers if they exist. First, angle measurements of the network were adjusted 
for X-Y coordinates individually processed and their adjusted coordinates were obtained 
in the local coordinate system. Secondly, the trigonometric leveling data were adjusted 
with a functional method. Thereafter, these coordinates were accepted as approximate 
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coordinates of the network for the following studies. It was previously mentioned that 
only horizontal direction observations and vertical angles were measured during the 
adjustment process. Absolute distance measurements were made for scaling the network. 
Therefore, the adjustment software was used to handle these direction observations and 
angle measurements. The direction observations were much more precise than absolute 
distance measurements for this network. The equation (9.12) was used for the 
conventional adjustment process of the observations [34]. 

 TN A WA , 

 Tn A Wl ,  (9.12) 

 xxx n , 

 V Ax l  , 

where N is the normal matrix, A is the design matrix, W is the diagonal weight matrix,  
x is the unknown vectors, n is the cofactor matrix, V is the residual vector. 

 

Fig. 9.7. Observation setup. 

The parameters of error ellipses of all the control points have been calculated with the 
equation (9.13) as shown below. 
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where   is the theta angle of ellipse, w  is the hypotenuse form of co-factors, xx  is the 

standard deviation of X direction, yy is the standard deviation of Y direction, xy  is the 
co-variance of X, Y directions. 
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Having produced the coordinates of the control stations for the network, the direction 
observations and vertical angles measured on each face of the walls were processed using 
the same departmental adjustment software to obtain the coordinates of geodetic control 
points that were selected as all photogrammetric control points in MATLAB 7.0 software. 
The XYZ adjustment results, maximum and minimum accuracy of the points are shown 
in Table 9.1 [34]. 

Table 9.1. Coordinate accuracies after adjustment. 

Room Dimension Horz. (12 m) Ver. (9 m) High (4 m) 
Coordinate Accuracy 
Post-Adjustment  

X (mm) Y (mm) Z (mm) 

Min.  0.00478 0.00272 0.144143 
Max.  1.66697 0.48859 1.16539 
Std. Dev.  0.22777 0.06653 0.18498 

 

However, this network was scaled measuring only one distance since distance 
measurements were less precise than the direction observation measurements. Therefore, 
distance measurements were used for absolute scaling of the network. However, scaling 
error was computed before the last three-dimensional adjustment, by using triangulation 
measurements. It was seen that a 0.3 mm scaling error occurred. The triangulation 
measurements also proved that the interval accuracy is 0.1 mm. Both accuracy values also 
prove that a sub-millimeter can be achieved using this instrument and measurement set 
up. These results were examined and carried out for the survey on the network [23]. Four 
sets of vertical and horizontal angles were selected with this method. Statistical results for 
geodetic three-dimensional network are shown in Table 9.2. The error ellipses of the 
network points are shown in Fig. 9.8 [34]. 

Table 9.2. Statistical reliability of network. 

 

The concept of reliability of geodetic networks originates from [35] and refers to the 
ability of a network to detect and resist errors in observations. In close range 
photogrammetry, precision and reliability considerations were addressed by unique 
studies [32]. 

3D laser scanning data of the calibration room was obtained with an Optech laser scanner 
of 0.5 mm density. An overview of this data obtained in Fig. 9.9 and the laser scanner 

Statistical Analysis  Max. (mm) Min. (mm) Std. Dev. (mm) 

Parameter A of error ellipses 0.84032 0.07446 0.13106 

Parameter B of error ellipses 0.17961 0.02688 0.03592 

Test of Pope Points 
Number of 

reliable points 
Number of  

non-reliable points
200 196 4 

Results 98 % 2 % 
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operation were depicted about measurement method. The quadratic mean error of the 
hardware data and point density of the Optech topographic laser scanner which belongs 
to topographic laser scanner operation have a density of 2 mm. 

 

Fig. 9.8. Error ellipses. 

 

Fig. 9.9. Laser scanning study with Optech scanner 

Scanning model of calibration room is shown in Fig. 9.10. 

 

Fig. 9.10. Scanning model of calibration room. 
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A field was defined for each region in the picture coordinate system. All of these regions 
operated with different principle points which were specifically defined for them. At first, 
a picture coordinate measurement was made according to a panoramic coordinate system 
mentioned in the picture coordinate system defined at the beginning of the section. Thus, 
from two different panoramic images obtained from two different locations, a stereo 
photogrammetrical assessment was performed. This assessment is shown in Fig. 9.11. 

 

Fig. 9.11. Stereo panoramic installation with at least two station points. 

It was calculated to find which region it corresponded to in the photogrammetric 
projection described in Fig. 9.12. After this calculation, a principle point was assigned to 
it. It was transformed to a regional picture coordinate with the region related to additional 
parameters by an affine transformation. This transformed coordinate was regarded as 
image coordinate to be used in stereo photogrammetry and spatial resection. 

 

Fig. 9.12. Stereo photogrammetric model from panoramic images. 

In order to make a stereo photogrammetrical measurement from panoramic images, a 
projection system was defined which included regions of an image as a mathematical 
projection. For this projection system, a panoramic image which was obtained by the 
Ladybug2 camera, was divided into six different regions as shown in Fig. 9.13. 
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Fig. 9.13. Suggested parts of panoramic image which was used for division. 

In the method presented here, the aim is to know which cameras are projected into two 
different panoramic pictures that will be surveyed photogrammetrically. In order to 
determine this, the panoramic images obtained in both positions were segmented camera 
by camera in the same order as the inner orientation and outer orientation parameters 
according to the calibration parameters which were calculated in the calibration step with 
the same order and the same image. For example, in accordance with this segmentation, 
the point of the object to be studied photogrammetrically is obtained from the first camera 
in the first panoramic image, and from the fourth camera in the second panoramic view. 
Thus, the inner and outer parameters to be used for the calculation of the object point 
would be for the parameters of the first and the fourth cameras. 

9.4. Results of Application 

In the study, camera calibration was made for each camera constituting a separate 
panoramic camera by using an equidistant fisheye model. Inner orientation and additional 
parameters can be found in Table 9.3. 

According to post adjustment outputs, additionally, projection point parameters  
(𝑋0, 𝑌0, 𝑍0 and omega, phi, kappa) of the 6 cameras significance for panoramic image 
combination is 8, which is 99.9 percent. (Significance values are 1 – no significance,  
2 –80 %, 3 – 90 %, 4 – 95 %, 5 – 98 %, 6 – 99 %, 7 – 99.8 %, and 8 – 99.9 % high 
significance). Software provided by Point Grey creates a 3D polygon mesh, which is 
created on calibration data. Individual images (that generate one panorama) specify how 
to rectify, rotate and translate images. Ladybug stitching is based on geometry, and there 
are some problems, because all cameras do not have the same viewpoint (they are slightly 
offset) [16]. The details of the calibration process and the hardware system are not 
revealed by Point Grey, since Ladybug3 is a commercial product [17]. 
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Table 9.3. Cameras and parameters. Cameras 0-2. 

Camera/ 
Parameters 

Camera 0 Significance Camera 1 Significance Camera 2 Significance 

ck 0.9774 8 0.4204 8 1.2703 8 

x0 0.0024 1 0.0197 8 0.0007 1 

y0 0.0048 1 0.0104 6 0.0071 2 

A1 0.0341 8 0.4503 8 0 0 

A2 0 0 0 0 0 0 

A3 0 0 0 0 0 0 

B1 0.0004 1 0.0005 1 0.0048 8 

B2 0.0006 1 0.0048 5 0.0021 8 

C1 0.0001 1 0 0.0075 8 

C2 0.0004 1 0 0.0013 2 

 

Table 9.3. Continued. Cameras and parameters. Cameras 3-5. 

Camera/ 
Parameters 

Camera 3 Significance Camera 4 Significance Camera 5 Significance 

ck 0.4308 8 0.4335 8 0.4117 8 

x0 0.0137 8 0.0374 8 0.0472 8 

y0 0.0015 1 0.0144 8 0.0330 8 

A1 0.4435 8 0.4398 8 0.4536 8 

A2 0 0 0 0 0 0 

A3 0 0 0 0 0 0 

B1 0.0002 1 0.0037 4 0.0050 3 

B2 0.0002 1 0 0.0013 1 

C1 0 0 0.0027 3 0 0 

C2 0 0 0.0049 8 0 0 

 

The panoramic model and camera geometry explained above were detected in six different 
positions in the calibration room with this application. The geometry of the Ladybug2 
camera consisting of six fisheye cameras was determined with additional parameters, 
which was placed in five different locations by using the Bundle Block Adjustment 
method. Camera positions determined by the manufacturer company and panoramic 
camera positions in five different positions, which were determined in the calibration 
room, are shown in Fig. 9.14. 

The geometry of the selected camera positions was transformed with the help of 3D 
Helmert transformation by taking the constant geometry given by the camera 
manufacturer. Thus, the inner geometry of the panoramic camera in these five different 
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positions was controlled (only a camera position is fixed for upper camera Number 5) 
through the geometry provided by the manufacturer. The principle points of three cameras 
(camera number: 0, 1, 5 in other words overhead) out of 6, consisting of the panoramic 
camera were compared to the geometry provided by the manufacturer. Positional 
differences in the other three cameras (camera number: 2, 3, 4) were determined. The 
geometry of the original projection centers before transformation, which is defined in the 
Ladybug2 system’s manual, is shown in Fig. 9.15. 

 

Fig. 9.14. Panoramic image from the Ladybug2 system for the calibration room. 

 

Fig. 9.15. The projection center (X0,Y0,Z0) geometry of the system Ladybug2 for six cameras. 

The results obtained in the local transformation study are shown in Table 9.4 and  
Fig. 9.16. 
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Table 9.4. Transformation differences from 5 different stations for six cameras in the system. 

Camera Station 1 (m) Station 2 (m) Station 3 (m) Station 4 (m) Station 5 (m) 
0 0.0126 0.0221 0.0257 0.0394 0,008 
1 0.0202 0.0263 0.0116 0.0204 0.02 
2 0.0432 0.0481 0,061 0.0341 0.0439 
3 0.0286 0.0214 0.03 0.0294 0,026 
4 0.0109 0.0187 0.0134 0.0343 0.0161 
5 0.0000 0.0000 0.0000 0.0000 0.0000 

 

 

Fig. 9.16. Graph of Table 9.4. 

The third camera (K2) had the worst exterior orientation position for (X0,Y0,Z0) 
comparing the manufacturer's camera geometry in spite of its focal length and calibration 
adjustment results from all six cameras in the bundle block adjustment for the Ladybug2 
system. However, the other cameras had acceptable position errors for exterior orientation 
positioning in the bundle block adjustment for comparing the camera geometry of 
manufacturer about the Ladybug2 system. 

For example, while the control points measured in Fig. 9.17 are measured as picture 
coordinates entering into the region of camera number 4 in the first panoramic image, the 
same control point is calculated with picture coordination according to the region of 
camera number 2 in the second panoramic image. 

An interface was developed in the Matlab 7.0 environment for the stereo photogrammetric 
3D evaluation of panoramic images. This interface is shown in Fig. 9.17. 

After the pictures were oriented, appropriate picture points were measured manually or 
by semi-automatic/automatic processes. In order to obtain object coordinates, an 
intersection method using collinear and coplanar equations was used. As shown in  
Fig. 9.18, at least two beams were required in order to determine the desired object point. 
The novel approach of the developed software is to use inner (intrinsic) and outer 
(extrinsic) orientation parameters together in the adjustment process for the calculation of 
coordinates of target points. Therefore, the adjustment has been explained with total 
parameters of the whole geometry of the study. After conjugated points were measured, 
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mapped 2D coordinates were converted to 3D object coordinates with inner and outer 
orientation components. Then, modelling, texture mapping and visualization processes 
could be easily performed after the photogrammetric process. 

 

Fig. 9.17. Interface which is developed for photogrammetric measurements  
from panoramic images. 

 

Fig. 9.18. Graph of Table 9.5. 

As a result of stereo photogrammetric 3D evaluation, the results shown in Table 9.5 and 
Fig. 9.18 were found in control points and in the details of the calibration room which 
were examined with a terrestrial laser scanner. 
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9.5. Conclusion 

Consequently, the use of fisheye cameras for indoor photogrammetric documentation and 
their integration with the ground laser scanner data are examined in this study. Based on 
the results of this study, which requires extensive preparation and infrastructure work, the 
camera's internal geometry are examined in terms of their accuracy. In addition, the 
calibration data of the cameras of the omnidirectional systems with fisheye lenses are 
examined. Finally, a solution for the evaluation of panoramic images used stereo 
photogrammetrically are presented and the results are compared with the coordinates 
which are obtained from the terrestrial laser scanning data. 

Accuracy of the object coordinates obtained with this recommended method and the 
operation of the method are determined by comparing to the coordinates obtained from 
the laser data and the resulting accuracy is detected. However, it is important to note that 
there is a time loss in the process due to the post-processing step, although not a single 
interior and exterior matrix are used for each panoramic image. Thus, the cameras are 
considered to be independent. Here, when we examine the results of this study, we suggest 
that the proposed method should be tested with higher resolution panoramic cameras and 
the accuracy should be calculated in the calculation of time loss and object's coordinates. 
Hardware resolutions and continuous improvement of processors will certainly affect the 
results of this feasibility study. 

In the light of all these evaluations, the results of the omnidirectional panoramic cameras 
used in the photogrammetric documentation and their integration with the terrestrial laser 
scanning data are interpreted in terms of their advantages and disadvantages and these are 
indicated as follows. 

Table 9.5. Differences of measurements made by the Ladybug2 system with related to 
calibration network coordinates for control points. 

  Measurements via Ladybug2 Control Points  Coordinate Differences 

Point 
No 

X (m) Y (m) Z (m) X (m) Y (m) Z (m) X (m) Y (m) Z (m) 

1 1994.701 2994.286 103.466 1994.650 2994.329 103.503 0.051 -0.043 -0.037 

2 1993.777 2994.533 102.414 1993.733 2994.475 102.392 0.044 0.058 0.022 

3  1995.428 2994.083 102.320 1995.476 2994.122 102.353 -0.048 -0.039 -0.033 

4  1994.670 2994.227 101.522 1994.708 2994.278 101.489 -0.038 -0.051 0.033 

5  1997.056 3003.624 101.812 1997.001 3003.582 101.850 0.055 0.042 -0.038 

6  1995.948 3003.852 101.807 1995.991 3003.797 101.830 -0.043 0.055 -0.023 

7  2001.401 2997.154 102.590 2001.345 2997.193 102.559 0.056 -0.039 0.031 

8  2001.588 2998.212 103.491 2001.546 2998.155 103.466 0.042 0.057 0.025 
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Main Advantages: 

 Omnidirectional panoramic cameras are able to provide picture information of a very 
large area in a short time. 

 The internal geometric accuracy of omnidirectional panoramic cameras is quite stable 
and computable. 

 The calibration parameters for the fisheye lens structure used in omnidirectional 
panoramic cameras are computable according to the Equidistant model. 

 Omnidirectional panoramic cameras can be used in indoor photogrammetric 
documentation by stereo photogrammetry method. 

 The panoramic images obtained with omnidirectional panoramic cameras produce data 
that can be integrated with terrestrial laser scanning data when used as stereo with a 
certain accuracy. 

Main Disadvantages: 

 At least two station points must be used for panoramic imaging to achieve an indoor 
photogrammetric evaluation. 

 The resolution quality of omnidirectional panoramic cameras and especially the 
Ladybug2 camera used in the application should be improved. When a higher 
resolution image is taken, the photogrammetric the accuracy of three-dimensional 
evaluation coming from these cameras will increase. 

 As the width of the indoor space increases, the accuracy of the position and especially 
the accuracy of the camera's internal geometry are reduced due to the resolution. 

 For the proposed method for the stereo photogrammetric evaluation of panoramic 
images obtained with omnidirectional panoramic cameras, accuracy of 3D positions is 
reduced despite the use of various projection centers at the boundaries (which are 
determined especially in the creation of panoramic images). This error stems from the 
distortion caused by the panorama of the fisheye lenses rather than the model. 

 For the measurement of the image coordinate system in omnidirectional panoramic 
cameras, tracking system cannot be defined with a single projection point in the 3D 
evaluation stage. A projection transformation should be used. This results in additional 
processing and time losses in the computational application. 

 Integration of omnidirectional panoramic cameras with terrestrial laser scanners is 
possible and the resolution must be higher than the used one for a desired level of both 
radiometric and spatial accuracy. 

 Considering the camera used in the omnidirectional panoramic cameras, the hardware 
should be more compact and useful, and it is especially useful to have a more  
user-friendly interface. 

As a result, this study emphasizes the process flow and the main points of an 
omnidirectional panoramic camera review. Significant points which require automation 
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in terms of software and hardware of omnidirectional panoramic cameras are described as 
a reference to future studies on omnidirectional panoramic cameras. Since it is obvious 
that the resolution in these type of cameras increases day by day, the importance of the 
study that was conducted can be clearly understood. It is predicted that in the near future, 
the hardware with automatic terrestrial laser and panoramic imaging systems will be 
manufactured and these will be used in 3D survey studies for the purpose of acquiring 
data for photogrammetric evaluation. The most obvious example of this process is the use 
of GPS, panoramic imaging and laser scanning systems together in mobile  
mapping systems. 

This study also examines the results which can be obtained by using fisheye cameras in 
indoor spaces for the purpose of photogrammetric documentation and by integrating them 
with terrestrial laser scanner data. The internal camera geometry which is obtained 
according to the results of this study, requires a comprehensive preparation step. The study 
also focuses on the infrastructure in terms of its accuracy. Additionally, calibration data 
of the cameras which belong to the omnidirectional camera with fisheye lenses, are 
examined. Finally, a solution for the stereo photogrammetrical evaluation of panoramic 
pictures are presented and the results are compared to coordinates obtained from terrestrial 
laser scanning data. 
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10.1. Introduction 

The development that has taken place in the area of microelectronics has allowed a gradual 
implementation of the functions of acquisition, signal conditioning and signal processing, 
on a common integrated circuit. Nowadays, smart transducers and actuators include 
functions that go well beyond those of their classical counterparts. These new transducers, 
usually denominated as smart transducers, are no longer simple interfaces for the inputs 
and outputs of the measurement system and implement an increasing number of functions 
supported by integrated processing units, namely, microcontrollers (C) and digital signal 
processors (DSP). The new functions and capabilities associated with smart transducers 
include self-test, auto-calibration, auto-identification, errors' correction, auto-ranging, 
selection of engineering units, data logging, adaptability, A/D conversion flexibility, 
among others. 

However, the integration of sensors, signal conditioning and signal processing functions 
in a single integrated circuit (IC), using micromachining technologies (MEMS), create 
new challenges, such as, the ones that results from the interferences between analog and 
digital signals. 

Another limitation that results from the integration of sensing and signal processing units 
is related with the low accuracy of the analog integrated components, whose absolute 
variation can be as high as 50 % of the nominal value of the components, although, this 
variation, in relative terms, of components' values with the same nominal value is typically 
much lower (0.1 %). 

Another relevant issue that affects measurement accuracy is related with the influence 
variables effects that affect directly A/D conversion accuracy. These effects must be 
compensated by measuring the influence variables or, more wisely, by using methods that 
automatically cancel the negative impact of those variables [1]. 

Considering the relevance of these issues, this chapter focus a particular type of discrete 
A/D conversion techniques based on the usage of pulse width modulated (PWM) signals 
[2-4]. Different PWM modulation schemes are analyzed and an improved PWM based 
A/D conversion method (PWM), based on the number of pulses counting (NPC), is 
presented. The originality, simplicity, and flexibility of this method are underlined and 
the advantages for smart sensor linearization and for the dynamic adjustment of the 
conversion range will be focused in a second chapter of this book that is dedicated to 
simulation and experimental results that can be achieved by using the proposed  
PWM-NPC A/D conversion method. The proposed conversion technique can be 
implemented easily using any low-cost microcontroller that includes capture, compare 
and PWM (CCP) modules. 

Considering the main characteristics and advantages associated with discrete A/D 
conversion techniques, it can be referred that these conversion techniques are associated 
with very simple working principles that use discrete components and low-cost processing 
devices that are already included in the majority of smart sensing systems. These 
conversion techniques are adaptive and enable an easy establishment of compromises 



Chapter 10. Improved PWM A/D Conversion Technique: Working Principle and Model Validation 

227 

between different A/D conversion performance parameters, such as, accuracy, resolution 
and conversion speed, that could be essential in applications that demand very low power 
consumption levels, such as the ones that use wireless sensors [5-6]. 

This chapter also includes several simulation and experimental results that validate the 
working principle of the A/D converter and confirms its design parameters. A second 
chapter, of this book that must be read after this one presents experimental results related 
with the application of the proposed A/D conversion method for linearization of 
transducers characteristics being the achievements, in this area, recognized by several 
scientific works published by the author [7-9]. 

10.2. Basics of PWM A/D Conversion 

The microcontroller device has a widespread usage in smart sensing systems. Thus it is 
important to take advantage of its potential to perform A/D conversion tasks. The 
implementation of discrete A/D conversion can be achieved by using exclusively digital 
input and output ports of the microcontroller. It becomes possible to implement low cost 
A/D conversion techniques, using only digital input and output lines of the microcontroller 
together with passive resistors and capacitors (RC) components and elementary 
conversion algorithms with low demands on microcontroller's computational load or 
memory requirements. Of course, this solution has its own limitations, particularly in 
terms of conversion rate, but cost and flexibility, in terms of accuracy, resolution and 
conversion speed, are a significant advantage in a large number of smart sensing 
applications when low cost implementation is crucial to justify their economic viability. 

10.2.1. Traditional PWM Based A/D Conversion 

Traditional PWM and elementary based A/D conversion requires only the generation of a 
digital PWM signal with adjustable duty-cycle (DC). As represented in Fig. 10.1, the main 
elements of a discrete PWM based A/D conversion includes the PWM signal generated 
by the microcontroller (VPWM), the low pass filter (LPF) and a voltage comparator (C). 

 

Fig. 10.1. Main elements and signals of a discrete PWM based A/D converter. 

The average value of the VPWM signal represented in Fig. 10.2, which is obtained at the 
output of the LPF, is given by: 
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     (10.1) 

 

Fig. 10.2. VPWM signal (T- period; T1/T- DC; VL- low voltage amplitude; VH- high  
voltage amplitude). 

In order to obtain an output voltage (VC) almost constant, during the conversion cycle, the 
value of the RC constant should be much greater than the period of the PWM signal 
(RC>>T). Under these conditions, the filter output voltage is approximately given by: 

 C

(1 )
V

100 100L H

DC DC
V V


    , (10.2) 

where DC is the duty cycle ("duty cycle") of the PWM signal defined in percentage  
terms by: 

 

1T
100

T
DC  

 (10.3) 

Assuming, for simplicity of analysis, that VL = 0 and VH = VREF, the input voltages of the 
comparator are equal if: 

 
DC

100in REFV V   (10.4) 

As long as the end of conversion (EoF) condition is given by the equalization of the input 
voltages of the comparator, the digitalization result of the input voltage is associated with 
the DC of the PWM signal and the full-scale (FS) range of the A/D converter is equal to 
VREF. Two features result directly from the operating principle of this type of converter. 
One concerns the range of conversion that should be between VL and VH and the other 
concerns the resolution of the converter, which is directly associated with the setting 
resolution of the DC coefficient. It is also important to refer that if RC >> T the conversion 
time will be, obviously, large. 
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Each average value of the PWM voltage, for each value of the DC coefficient, obtained 
at the low-pass filter (LPF) output, corresponds to the A/D converter transition voltages. 
For an n bit converter there are 2n – 2 values of transition voltages, being the quantization 
step (Q) of the converter equal to the difference between two adjacent transition voltages. 
Using an optimistic assumption that there is a negligible value of the RC time constant, 
the conversion time (TC) that is associated with a sequential search of all transition 
voltages is given by: 

  2 2 2 4                    (2 2)n n n n
C CLK CLKT T T       , (10.5) 

where TCLK represents the timing resolution of the VPMW DC signal. 

Fig. 10.3 represents the conversion time of the A/D converter as a function of the 
converters' number of bits for two different values of the temporal resolution of the 
microcontroller. 

It is clearly visible that the growth of the conversion time is exponential with the 
converter's number of bits, reaching easily conversion times (TC) about one second for 
typical resolution values around 8 bits. 

In order to obtain an output LPF voltage (VC) fluctuation ("ripple") less than 1 LSB, the 
following condition must be fulfilled: 
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, (10.6) 

where T represents the period of the PWM signal and n represents the number of bits of 
the ADC. 

 

Fig. 10.3. Conversion time (TC) of the A/D converter for two different values of the clock signal 
period (TCLK = 1 µs and TCLK = 10 µs ) when the A/D converter number of bits varies  

between 4 and 12. 
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Fig. 10.4 represents the relationship between VC voltage ripple and the ratio between the 
time constant (RC) and the PWM signal period (T) for a converter with 8 bits (n = 8). 
From the figure, it can be verified that to obtain an 8 bit converter, the ratio RC/T must be 
greater than 255. 

 

Fig. 10.4. Relationship between the filter output voltage ripple and the ratio between the time 
constant (RC) and the PWM signal period (T) for an 8-bit converter. 

Based on (10.6), it is possible to obtain the expression of the minimum value of the time 
constant (RCmin) of the LPF that is given by: 

 min
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 (10.7) 

From the previous expressions it can be concluded that the usage of this conversion 
technique is only acceptable for input signals Vin with a very low bandwidth. Moreover, 
the main factors that affect the accuracy of this method are associated with the offset 
voltage of the comparator and with the impedance of the RC load at the digital output of 
the microcontroller. The first problem can be minimized with the usage of a precision 
comparator, or by using self-calibration techniques [10-18] and the second problem can 
be minimized by using a voltage follower ("buffer") at the interface between the output of 
the microcontroller and the LPF input. 

By the other hand, as a great advantage of this A / D conversion technique it can be 
mentioned its simplicity and low cost of implementation that are magnified if the 
microcontroller has a PWM output port, an integrated comparator and dedicated 
instructions for programming PWM signals. 
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10.3. Improved PWM Based A/D Conversion 

This section describes the operation principle of the PWM NPC A/D converter including 
simulation and experimental results. Dimensioning of design parameters of the converter 
is also addressed. 

10.3.1. Block Diagram and Principle of Operation 

The working principle of this conversion technique is substantially different from the one 
described previously. As a matter of fact, the principle is quite similar to the sigma-delta 
conversion technique [19-22] but the converter feedback loop includes the processor 
device, usually a microcontroller, and charging/discharging RC circuit that receives high 
and low voltage pulses from the processor device. Recent advances in technology enable 
the usage of Arduino [23-24] and ESP [25-26] based solutions to take advantage of their 
increased gains in the manipulation of the resolution and frequency of PWM signals. 

Fig. 10.5 represents the basic circuit diagram of this converter and it will be demonstrated 
that its conversion time is much lower than the one obtainable with the traditional PWM 
A/D converter, previously described. From now on, the improved PWM A/D conversion 
technique will be denominated as PWM A/D conversion based on the number of pulses 
counting (PWM NPC A/D). 

In this variant of the PWM based A/D conversion method the RC time constant is scaled 
for an incremental voltage variation (VC) during the time of each pulse VPHL generated 
at the output of the microcontroller to have an absolute value about 1 LSB. Regarding the 
working principle of the PWM NPC A/D, it can be described as follows. After the start of 
conversion (S oC) trigger, the capacitor is initialized with the value voltage to be 
converted (Vin) and during the conversion cycle VPHL is setup by the microcontroller 
according to the output signal delivered by the comparator. If Vin is higher than VC, VPHL 
is set to its high voltage value (VH), otherwise, if Vin is lower than VC, VPHL is set to its 
low voltage value (VL). At the end of the conversion (E oC) cycle the total number of high 
pulses (m) and low pulses (p) is directly related with the result of the input signal 
digitalization. 

Vin

C

DI

DO11

FPB

+
-

VPHL 
VC R

C

n bits 

DO21

Sw

 

Fig. 10.5. Circuit of a PWM NPC A/D converter (initialization SW ON: VC0 = Vin). 
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To analyze in a greater detail the working principle of this converter, several simulation 
routines were developed in MATLAB. Three simulation cases will be presented and their 
results analyzed. In the simulation a constant voltage (Vin) will be considered with a 
normalized amplitude, relatively to the full-scale range (FS) of the converter, varying in 
the [-1; 1] interval with increments equal to 0.5 LSB units. Different values of the ratio 
between the charging and discharging pulses (TP) and the RC circuit time constant will be 
considered. In all the simulations, and for convenience of graphical interpretation of the 
results, it is considered an hypothetical ideal converter with 5 bits being the conversion 
results given by the number of charging pulses (p), with amplitude equal to VH, and the 
number of discharging pulses (m), with amplitude equal to VL, that occur during the 
conversion cycle containing a total of 32 (2n) charging or discharging pulses. 

Assuming an ideal behavior of the PWM NPC A/D converter (VADCVin), it is possible to 
obtain the following relationship:  

 ,H L
ADC

p V m V
V

p m

  



 (10.8) 

where VADC represents the voltage amplitude of the digitized voltage, p and m represent 
the number of charging and discharging pulses, with amplitude equal to VH and VL, 
respectively. 

Since the FS range limits are associated with VL and VH, the quantization step amplitude 
is given by: 

 ,
2

H L
n

V V
Q


  (10.9) 

where n represents the number of bits of the converter. 

By its turn, the normalized quantization error, in LSB units, is given by: 

 ADC in
Q

V V
E

Q


 , (10.10) 

10.3.2. Expression of the Converter Characteristic Function 

Based on the block diagram represented in Fig. 10.5, it can be concluded that the feedback 
loop, comprising the comparator, the microcontroller and the low-pass filter, acts so 
maintain the voltage on the capacitor (VC) around the input voltage to be converted (Vin) 
with amplitude variations in the order of 1 LSB. Once the voltage across the capacitor is 
initialized to the value Vin

, that voltage Vc remains close to Vin the average value of the 
voltage VPHL during the conversion time (TC) must be in the case ideal, equal to the voltage 
to be converted being the voltage variation at the output of the LPF filter given by: 
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     , (10.11) 

where VC0 represents the initial capacitor voltage, the time constant  is the time constant 
of the LPF and VF represents the charging or discharging voltage level delivered by the 
microcontroller (VPHL). Being TH and TL the time duration associated with the high and 
low voltage pulses, with amplitudes equal to VH and VL, respectively, the capacitor 
voltage at the end of the conversion cycle, is given by: 

 ( ) ( ) (1 ) ( ) (1 ),
H LT T

C in H in in LV t V m V V e p V V e 
 

          (10.12) 

where m represents the number of high voltage pulses and p represents the number of low 
voltage pulses. 

Since, it is assumed that at the end of the conversion period the voltage VC(t) remains 
equal to Vin ± Q, where Q is much smaller than Vin, the following relationship is a valid 
approximation for VC(TC): 

 H L
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Being the coefficients kH and kL defined by: 
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If the durations of the high and low pulses are equal (TH = TL), the relationship between 
the voltage to be converted by the PWM NPC converter and the number pulses,  
is given by: 

 ,in REF

m
V V

m p
 


 (10.15) 

being considered, for simplicity, that VH = VREF and VL = 0. 

Thus, since the total number of pulses (m + p) is equal to 2n, we can conclude that there 
is a linear relationship between Vin and the positive pulses number (m) generated during 
the conversion cycle, being the quantization step of the converter equal to FS/2n. Note that 
for the voltage values considered in (10.15), the FS of the converter is equal to VREF. 

10.3.3. RC Time Constant Dimensioning 

In order to obtain a voltage variation on the capacitor ("ripple") of 1 LSB (Q = FS/2n), the 
following relationship must be verified: 
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where VF represents the high voltage pulse amplitude and VCO represents the initial 
voltage of the capacitor. 

Considering an input voltage in the middle of the conversion range (VCO = FS/2) and  
2n >> 1, and performing a first order development of the exponential function (TP << ), it 
is possible to obtain: 

 1

2
P

n

T


  (10.17) 

Considering that the microcontroller pulse has a time resolution equal to TCLK, the 
conversion time is given by: 

 n2    (2 1)n
C CLKT T    (10.18) 

Comparing expressions (10.5) and (10.18) with it is possible to conclude that the 
conversion time of the PMW NPC A/D converter is, at least, 2n times lower than the 
conversion time of the traditional A/D PWM converter. 

Fig. 10.6 depicts the conversion time of the PWM NPC A/D converter as a function of the 
number of bits of the converter for two different values of the temporal resolution of the 
microcontroller PWM signal (TCLK). 

 

Fig. 10.6. Conversion time (TC) of the PWM NPC A/D converter for two different values  
of the clock signal period (TCLK = 1 µs and TCLK = 10 µs ) when the A/D converter number of bits 

varies between 4 and 12. 



Chapter 10. Improved PWM A/D Conversion Technique: Working Principle and Model Validation 

235 

Comparing the results represented in the previous figure with the results previously 
obtained (Fig. 10.3), the conversion time that is obtained with this conversion technique 
is much lower than the one obtained with the traditional PWM conversion technique, 
which means that it possible to increase substantially the conversion rate of this converter 
and the bandwidth of the input signals that can be digitized. 

10.3.4. Conversion Range 

The conversion range of the PWM NPC A/D can be dynamically and easily settled by 
changing the voltage values associated with the high and low voltage pulses. If V'H and 
V'L are the new voltage values associated with the high and low voltage pulses, 
respectively, the resolution of the converter is given by: 
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2
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  (10.19) 

which corresponds to an A/D converter resolution gain, given by: 

 2 ' '
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V V

 
   

 (10.20) 

As an example, Fig. 10.7 represents a circuit that that subdivides the FS range of 
conversion into 4 segments, which correspond to a theoretical 2-bit resolution gain. If the 
2 lines conversion codes, CL and CH, are, for example, equal to '01', the conversion range 
will vary between FS/4 and FS/2 and the number of bits of the converter will be equal to 
n + 2, instead of n. Obviously, the number of bits gain can be increased using additional 
resistors in the voltage divider that could be an integrated R/2R resistor ladder network. 
However, calibration requirements are more critical since there are new error sources 
associated with the accuracy of the resistor ladder network and with internal resistances 
of the analog multiplexers (S). 
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Fig. 10.7. Circuit that subdivides the FS range of the PWN NPC A/D converter into 4 segments 
(S- analog switch, DI- digital input, DO- digital output, MUX- analog multiplexer,  

FS- full-scale range). 
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10.4. Simulation Results 

In order to validate the theoretical analysis and conclusions in the previous sections, 
several programs were developed in MATLAB to evaluate the magnitude of the 
quantization error as a function of the ratio between the pulse duration (TP) and the time 
constant (RC) and also the ratio between the converter’s number of bits (n) and the 
oversampling factor (N). This ratio was defined as the ratio between the sampling 
frequency and the frequency of the signal input (Vin) that is assumed to be sinusoidal. 
Simulation routines contain an option parameter to considerer that during the conversion 
cycle the input voltage is constant (S&H = ON) or variable, according to the dynamic 
variation of the input signal (S&H = OFF). 

10.4.1. Voltage Variation in the Capacitor during the Conversion Cycle 

Fig. 10.8 represents the amplitude variation of the average voltage module in the capacitor 
as a function of the normalized input signal amplitude for three different values of the 
ratio TP/RC. 

The simulation parameters were defined as follows: VH = 1/2; VL = -1/2; n = 5 bits;  
N = 128; S&H = ON). 

The average value of the amplitude of the voltage module of the variations in the capacitor 
is normalized relatively to the quantization step (Q) and the amplitude of the input voltage 
(Vin) is normalized relatively to the conversion range ([-1/2, 1/2]). 

 

Fig. 10.8. Average value of the amplitude of the voltage variations in the capacitor as a function  
of the normalized input voltage for three different values of the ratio TP/RC. 

As expected, there is a maximum amplitude of the average module voltage in the capacitor 
for the central value of the conversion range and the amplitude of the voltage also 
increases with TP/RC ratio. The simulation results also confirm that in order to obtain an 
average voltage variation of the voltage across the capacitor equal to the quantization step 
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(Q) the ratio between the pulse duration and the time constant (TP/RC) must be equal to 
1/2n where n represents the number of bits of the PWM NPC A/D converter. 

10.4.2. Quantization Errors for a Sinusoidal Signal 

Fig. 10.9 represents the quantization error, over a period of a sinusoidal input signal with 
unitary normalized amplitude and the following simulation conditions: N = 1024, n = 5, 
TP/RC = 1/25 and S & H = ON (with input signal retention). 

The measured errors, in LSB units, are evaluated as the difference between the voltage 
associated with each output code converter and the input voltage to be converted (Vin), for 
each one of the 1024 (N) samples contained in the sinusoidal signal cycle. Using a ratio 
of TP/RC given by (10.17), the amplitude variation of the voltage across the capacitor, 
during each sample conversion cycle, is approximately equal to 1 LSB, as expected. 

 

Fig. 10.9. Simulation results of the quantization errors during a period of a sinusoidal signal  
with a unitary normalized amplitude (simulation parameters: N = 1024; n = 5;  

TP/RC = 1/25; S&H = ON). 

The maximum amplitude of the quantization error occur for input voltage values that 
approach the limits of ADC conversion range. Fig. 10.10 represents the amplitude of the 
quantization errors when the amplitude of the input sinusoidal signal is reduced to 1/4 of 
the maximum normalized amplitude value (amp = 1/4). 

In this case the amplitude of the quantization error is reduced significantly compared to 
the case discussed previously, since the input signal voltage values are away from the 
boundaries values of the ADC conversion range. 

By its turn, Fig. 10.11 represents the conversion errors obtained with the following 
simulation conditions: N = 64; n = 8; TP/RC = 1/28 and S&H = OFF (without input signal 
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retention). In this example, being de S&H parameter OFF, the conversion error function 
is much higher and its profile is modulated by a cosine function variation. This result was 
also expected since the ratio between the number of codes of the A/D converter (2n) and 
the oversampling factor (N) is equal to 1/4 being the delay of the conversion error 
function, relatively the sinusoidal variation of the input signal (Vin), equal to a  
quarter of period. 

 

Fig. 10.10. Simulation results of the quantization errors during a period of a sinusoidal signal 
with a 1/4 normalized amplitude (simulation parameters: N = 1024; n = 5;  

TP/RC = 1/25; S&H = ON). 

 

Fig. 10.11. Simulation results of the conversion errors during a period of a sinusoidal signal  
with a unitary normalized amplitude (simulation parameters: N = 64; n = 8;  

TP/RC = 1/28; S&H = OFF). 
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In order to analyze the importance of the S&H capability in the PWM NPC A/D converter, 
a new simulation was performed for a different value of the oversampling factor (N) when 
the others simulation parameters remain equal. Fig. 10.12 represents the conversion errors 
that are obtained using the following simulation conditions: N = 512; n = 8; TP/RC = 1/28 

and S&H = OFF (without input signal retention). Comparing these results with the ones 
previously obtained with N = 64, the main conclusions remains but the amplitude of the 
conversion error is substantially reduced, from almost 12 to 2 LSB, since the variation of 
the input signal during the conversion period decreases as N increases. 

However, it is important to underline that the increasing of the oversampling factor is 
limited by the specifications of the microcontroller that is used. Moreover, an increase of 
the oversampling error is associated, for a given conversion bandwidth, by other  
non-idealities of the hardware, namely by the increase of the distortion of VPWM, provided 
by the microcontroller, when the pulse width value (TP) decreases. 

 

Fig. 10.12. Simulation results of the conversion errors during a period of a sinusoidal signal  
with a unitary normalized amplitude (simulation parameters: N = 512; n = 8;  

TP/RC = 1/28; S&H = OFF). 

In order to analyze the variation of the conversion errors as a function of the input signal 
variation, several simulations where performed for different values of input signal 
amplitudes. Fig. 10.13 represents the error that where obtained for different values of 
normalized input signal amplitudes using the following simulation conditions: N = 64;  
n = 8; TP/RC = 1/28 and S&H = OFF (without input signal retention). As expected, the 
amplitude of the conversion error increases with the amplitude of the input signal and, for 
a given amplitude, the profile variation of the error function is proportional to the input 
signal slew-rate, being the error maximum when the input signal has a maximum or 
minimum derivative value (zero crossings for sinusoidal signals). By its turn, the 
quantization error is null when the input sinusoidal function has a maximum or minimum 
amplitude value (null value of the derivative of a sinusoidal signal). 
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To conclude the simulation tests the effect of noise was briefly analyzed. Fig. 10.14 
represents the conversion errors for the following simulation conditions: N = 128; n = 8; 
TP/RC = 1/28; S&H = ON (with input signal retention) and a random Gaussian input noise 
amplitude equal to 1 LSB. As expected, the effect of the noise increases the amplitude of 
the PWM NPC A/D conversion errors. Comparing the present results with those obtained 
without noise, it's possible to conclude that the maximum amplitude of the conversion 
error almost doubled compared when the maximum amplitude of this error in the absence 
of noise (1 LSB). 

 

Fig. 10.13. Simulation results of the conversion errors during a period of three sinusoidal signal 
with different normalized amplitudes (simulation parameters: N = 64; n = 8;  

TP/RC = 1/28; S&H = OFF). 

 

Fig. 10.14. Simulation results of the conversion errors during a period of a sinusoidal signal  
with a unitary normalized amplitude (simulation parameters: N = 64; n = 8; TP/RC = 1/28;  

S&H = ON; noise_amp = 1 LSB). 
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10.5. Experimental Results 

A basic prototype was developed to test the PWM NPC A/D converter. The main elements 
used to implement the experimental prototype include a microcontroller [27, 28], a 
comparator [29] and a low-pass filter (RC). Some bi-directional I/O ports of the 
microcontroller were used to control analog relays to initialize A/D conversion, to define 
A/D conversion range and to implement auto-calibration based on three reference voltage 
values: ground; FS and FS/2. The experimental apparatus also include a data acquisition 
board with a maximum sampling rate of 200 kS/s [30] and a function generator with a 
spectral purity better than -70 dBc [31]. The tests were performed with a sinusoidal signal 
of 1 kHz and amplitude equal to 1 V. 

In order to evaluate offset and gain errors of the A/D converter some results that are 
presented in this section did not consider a previous cancelation of the offset and  
gain errors. 

Fig. 10.15 represents the simulation errors expected for the following simulation 
conditions: N = 128; n = 8; TP/RC = 1/256 and S&H = ON (with input signal retention). 
The mean value of the absolute conversion error and its standard deviation error are equal 
to 0.2767 and 0.3355 LSB units, respectively. 

 

Fig. 10.15. Simulation results of the quantization errors during a period of a sinusoidal signal 
with a unitary normalized amplitude (simulation parameters: N = 128; n = 8;  

TP/RC = 1/256; S&H = ON). 

Conversion errors that were obtained, without compensation of offset and gain errors, are 
represented in Fig. 10.16. 

The high magnitude of the errors is caused by the offset and gain errors of the converter 
that were not compensated. The mean value of the absolute conversion error and its 
standard deviation error are now equal to 2.9814 and 3.0344 LSB units, respectively. 
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Using the sine wave curve fitting technique [32] it was possible to evaluate an offset error 
equal to approximately 2 LSB and a relative gain error, referenced to FS, approximately 
equal to 2 %. 

 

Fig. 10.16. Experimental results of the conversion errors without compensation of offset and gain 
errors (S&H = ON). 

Fig. 10.17 represents the difference between the A/D converter error, after removing the 
offset and gain errors, and the quantization error obtained by simulation. The mean 
absolute value of this difference error and its standard deviation error are now equal to 
0.6375 and 0.7457 LSB units, respectively. The amplitude of these errors is acceptable 
and the difference corresponds approximately to a random noise with amplitude 
approximately equal to 0.5 LSB. 

 

Fig. 10.17. Experimental results of the difference between the conversion errors,  
after compensation of offset and gain errors, and the quantization errors (S&H = ON). 
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Experimental tests were also performed without retention of input signal during the 
conversion cycle (S&H = OFF). As an example, Fig. 10.18 represents the difference 
between the A/D converter error, after removing the offset and gain errors, and the 
quantization error obtained by simulation without S&H usage. In this case, the mean 
absolute value of this difference error and its standard deviation error are now equal to 
2.9974 and 3.0207 LSB units, respectively. As expected, in this case the amplitude of 
these errors are not explained by a random noise with an amplitude approximately equal 
to 1 LSB since the main cause for the errors is now related with the inexistence of the 
retention function (S&H = OFF). 

 

Fig. 10.18. Experimental results of the difference between the conversion errors,  
after compensation of offset and gain errors, and the quantization errors (S&H = OFF). 

10.6. Conclusions 

This chapter underlined the main advantages associated with an improved variant of a 
discrete A/D method based on PWM. The proposed A/D conversion method can be easily 
implemented in low-cost microcontrollers that include CCP capabilities even if they 
haven't internal ADC. The main advantages of the presented A/D method include a 
flexible and adaptive adjustment of A/D conversion range, accuracy and non-linear 
conversion transfer characteristic profile that can be used to perform the linearization of, 
previously calibrated, analog measurement channels. All the adjustments that were 
referred can be performed in real time by software to optimize the performance of any 
smart sensing system. The chapter also includes a detailed explanation of all the elements 
of the discrete A/D converter and of the operation principle of the PWM A/D converter 
based on pulse counting. Several theoretical relationships were deduced and validated by 
simulation and experimental results. 
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Chapter 11 
Improved PWM A/D Conversion Technique: 
Applications for Digital Sensors  
and Sensor Systems 

José Miguel Costa Dias Pereira1 

Abbreviations and Symbols 

A/D –  Analog-to-Digital 

ADC –  Analog-to-Digital Conversion 

CCP –  Capture, Compare and PWM 

D/A –  Digital-to-Analog 

DSP –  Digital Signal Processor 

IAE –  Integral of Absolute Error 

LMSE – Least Mean Square Error 

NTC –  Negative Temperature Coefficient 

PWM – Pulse Width Modulation 

T –  Absolute Temperature 

URV – Upper Range Value 

11.1. Introduction 

Measurement systems that have, among others, self-test, self-calibration and adaptability 
to dynamic working conditions, had become a common requirement with the advent of 
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smart sensor instrumentation [1-6]. In this context, the usage of discrete A/D conversion 
techniques based on microcontroller devices with few extra hardware components, 
namely resistors and/or capacitors, are being used to select the best compromise between 
A/D conversion resolution, accuracy and conversion rate, according application 
requirements. 

By other hand, linearity errors are observed, in a higher or lower degree, in almost all type 
of sensors. Moreover, there are a large number of indirect measurement methods that have 
an inherent non-linear behavior. For example, the flow measurement based on an orifice 
pressure drop gives a square root relation between the variable under measurement, in this 
case the flow rate, and the measuring variable, in this case the pressure drop in the orifice. 
The traditional solution that was used in the past, and that is still working in many 
industrial processes for flow measurement linearization, considers the usage of analog 
square root extractors as a part of the signal conditioning circuits used for flow rate 
measurements. There also a large number of sensors used for direct measurements, for 
example thermistors for temperature measurements, whose behavior is strongly  
non-linear. In this case the variation of resistance with temperature has an exponential 
dependence being the sensitivity of a NTC thermistor inversely proportional to the square 
root of the absolute temperature (T). Obviously, there are different hardware solutions, 
some of them based on resistance arrangements, that can be used for linearization but the 
gains in terms of linearization are obtained at the expense of a sensitivity reduction. 

This chapter presents the advantages of an improved PWM discrete A/D conversion 
method in terms of smart sensor linearization, dynamic adjustment of conversion range 
and resolution. The referred conversion technique can be easily implemented using any 
low-cost microcontroller that includes capture, compare and PWM capabilities [7, 8]. 

The main advantage that can be assigned to the improved PWM discrete A/D conversion 
method is its capability to perform in a single step A/D conversion and linearization using 
for the A/D conversion a non-linear characteristic whose profile is the inversion of the 
analog measuring channel profile obtained from sensor calibration. This achievement 
does require the usage of large loop-up tables, piece-wise linear, polynomial or spline 
interpolations or curve fitting techniques based on the usage of A/D and D/A  
converters [9, 10]. 

The results that are presented, throughout this chapter, were validated experimentally and 
successfully used for linearization of several analog measuring channels being the 
achievements recognized in several scientific publication performed by the author. 

11.2. Main Advantages of PWM NPC A/D Conversion Technique 

The following subsections highlights two main advantages that are associated with the 
PWM NPC A/D conversion technique. Beside the flexibility that is associated with the 
conversion sampling rate and conversion resolution, according to application 
requirements, there are two other advantages that can play an important role in several 
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digital sensors and sensors systems applications, namely, linearization of the input 
measuring channels characteristics and the resolution optimization of the A/D conversion 
by adapting the A/D conversion range to the signal conditioning output voltage range. 

11.2.1. Linearization of Characteristics 

One technique to obtain linearization of an input channel characteristic, which includes 
beside the transducer all the circuits preceding the A/D converter, is to use a transfer 
functions with a non-linear profile characteristic that is inverse of the characteristic to be 
linearized. 

For example, if y = G∙f (x) is the characteristic to be linearized, where x is the measurand 
quantity and G the gain of the signal conditioning circuit, which is assumed linear, and if 
digitalization is performed by an A/D converter with a nonlinear characteristic  
defined by: 

 ( ),CN g y  (11.1) 

where NC is the converter output code and y the input signal. The relationship between 
the converter output code and the amplitude of the measurand quantity is defined by:  

  ( ) ,CN G gof x   (11.2) 

where gof (x) is the compound function, function g after function f. From the previous 
relationship it is possible to conclude that the linearization of a measuring channel 
characteristic can be achieved if g and f functions are inverse being their composition 
equal to the identity function (11.1). If this is the case, it is possible to obtain a linear 
relationship between the converter output code and the measuring variable. Obviously, it 
is assumed that we dealing with monotonic functions for the conditioning circuit and A/D 
converter characteristic. 

Fig. 11.1 depicts a qualitative composition of two inverse function that results on a linear 
relationship between NC and Xn that is the normalized variable associated with x. 

 

Fig. 11.1. Linear relationship that results from the composition of two inverse functions. 



Physical and Chemical Sensors: Design, Applications & Networks 

 250

This linearization technique avoids the usage lookuptables that requires frequently a large 
number of memory locations for coefficients' storage and the usage of interpolation 
algorithms with associated inaccuracies, such as the ones that are associated with 
piecewise linearization. 

Using the characteristic function of the PWM NPC A/D converter, already deduced in a 
previous chapter: 
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where n is the number of bits of the converter, m the number of positive pulses and kHL a 
coefficient defined by: 
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where TH and TL represents the time durations associated with the high and low voltage 
levels of the PWM pulse, respectively, and  represents the time of the low-pass filter  
RC circuit. 

It is possible to modelate A/D converter characteristics with different non-linear profile 
degrees by adjusting the ratio between the positive and negative pulses (TH/TL). 

From the previous expressions it is possible to conclude that if kHL = 1 (TH = TL) the A/D 
converter has a linear characteristic but if kHL > 1 (TH > TL) or kHL < 1 (TH < TL) the 
characteristic is non-linear with up-ward or down-ward concavities, respectively. 

Fig. 11.2 represents the A/D converter characteristics obtained with the following 
simulation parameters: VH, = 0.5 VL = -0.5, n = 8, TP/ = 1/256, N = 1024 and TH = k∙TL, 
being k = {1/10; 1/2; 1; 2; 10}. As previously referred, it is now clearly visible that for k 
values greater than one the A/D converter characteristic curve concavity is up-wards, 
otherwise, the curve concavity is down-wards. 

Fig. 11.3 shows the relationship between the pulses ratio TH/TL and the maximum value 
of nonlinearity to be corrected. The non-linearity was evaluated from the maximum 
deviation between the A/D converter characteristic and the linear characteristic that is 
obtained when TH = TL. 

As can be seen, the relationship between the relative pulse duration and the maximum 
linearity error, which is intended to be compensated, has a logarithmic dependence, which 
means that in practical terms the nonlinearities should not deviate much from the range of 
± 30 %. Otherwise, the temporal relationship between pulses (TH/TL) becomes excessively 
large or excessively small, which leads to higher conversion times and greater time 
dependence on the non nonlinear characteristics of the low-pass filter (signal distortion). 
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Fig. 11.2. Transfer characteristics obtained with the following simulation parameters: VH = 0.5, 
VL = -0.5, n = 8, TP/ = 1/256, N = 1024, TH = k × TL and k {1/10; 1/2; 1; 2; 10}. 

 

Fig. 11.3. Relationship between the pulse length TH and TL and the maximum amount  
of nonlinearity that can be compensated. 

It is also important to refer that this technique enables a segmented linearization of the 
input voltage range of the A/D converter. Using for each segment a different value of the 
ratio TH/TL and different values of VH and VL, it is possible to compensate higher order 
non-linear characteristics. As an example, Fig. 11.4 represents the characteristic of a 
converter with second derivative linearity errors with opposite signs (inflection point). 
The characteristic was obtained with the following values of the simulation parameters: 
VH = 0.1, VL = -0.5 and TH/TL = 5 for Vin < 0, and VH, = 0.5, VL = -0.1 and TH/ TL = 1/5 
for Vin > 0. 

Another situation which often occurs in the linearization of transducer characteristics, 
particularly with transducers of mechanical quantities, is related with the existence of a 
threshold or deadband usually caused by friction and backlash of some sensing and 
actuator devices. This threshold that is associated with these type of effects is defined as 
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the largest variation of the stimulus (measurand) which does not cause a noticeable change 
measuring instrument response. It is possible to mitigate these effects, in terms of ADC 
output code monotonic variation, with the usage of converters which exhibit abrupt 
changes of the transfer characteristic slope. Fig. 11.5 represents the characteristic of a 
converter using the following simulation parameters: VH = 0.6,VL = -0.5 and TH/TL = 1 
for Vin < 0, and VH = 0.5  VL = -0.6 and TH/TL = 1 to Vin > 0 (n = 8 bits). In this example, 
for simplicity, the deadband that was considered is set around the null input voltage. This 
type of input range segmentation can be used to linearize piecewise linear transducer 
characteristics that exhibit different slopes within the input conversion range of the A/D 
converter. These segments can even exhibit non-linear behavior if the appropriate TH/TL 
ratio is used for each one. 

 

Fig. 11.4. Characteristic of a converter with a 2nd order linearity errors with opposite signs 
(simulation parameters: VH = 0.1, VL = -0.5 and TH/TL = 5 for Vin < 0 V and VH = 0.5, VL = -0.1 

and TH/TL = 1/5 for Vin > 0). 

 

Fig. 11.5. Characteristic of a converter obtained with the following simulation parameters:  
VH, = 0.6 VL = -0.5 and TH/TL = 1 for Vin < 0, and VH = 0.5, VL = -0.6 and TH/TL = 1 for Vin > 0 

(n = 8 bit). 
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11.2.2. Conversion Range Adjustment 

If high and low voltage PWM pulses are used to generate VH and VL voltages, 
respectively, it is possible to adjust by software the input voltage range of the converter. 
In this way, it possible to obtain a dynamic adjustment of the A/D converter voltage range 
and to optimize conversion resolution according to input measuring channel 
characteristics. The resolution is maximized if the A/D converter voltage range (VL

' till 
VH

') corresponds to the signal conditioning output voltage range. 

The high level voltage and low voltage values that are associated with the high and low 
PWM pulses, which corresponds to the average value of the PWM pulses, are given by: 
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where nHH and nHL represents the number of high and low voltage pulses that are used to 
define the reference voltage VH' and nLH and nLL represent the number of high voltage and 
low pulses used to define the reference voltage VL'. 

Thus, the new value of the A/D converter quantization step is given by: 
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which is reflected by a resolution gain that is given by: 

 2 ' '
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n log
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 (11.7) 

It is also possible to obtain an automatic adjustment of the input voltage range of the A/D 
converter using some additional hardware components, namely, comparators, priority 
encoder circuits and analog multiplexers. In this case the VH' and VL' voltage amplitudes 
are automatically selected according to the input voltage amplitude. As an example,  
Fig. 11.6 represents a circuit which allows to subdivide A/D converter input range into  
4 segments, which correspond to a theoretical resolution gain of 2 bits. 

11.3. Auto-calibration 

The three signal technique [11-15] can easily be implemented to perform auto-calibration. 
Fig. 11.7 represents a simple circuit that can be used to compensate offset and gain errors 
of the A/D PWM NPC converter. 
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Fig. 11.6. Circuit that automatically subdivides the input voltage range of the converter in four 
segments (C1/2/3/4- comparators, S- analog switch, DI- digital input, DO-digital output,  
MUX- multiplexer, PE- priority encoder, DIO- digital input-output ports, C- microcontroller,  
FS- full-scale). 
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Fig. 11.7. Diagram of a converter with integrated self-calibration capability (C- comparator,  
S- analog switch, DI- digital input, DO-digital output, DEMUX- demultiplexer). 

The voltage VOFF and VREF are usually associated with the extreme values of the ADC 
conversion range that usually corresponds to zero ("ground") and full scale voltage  
(FS) values. 

It is possible to extend the previous auto-calibration concept to any number of calibration 
points. Usually, in which concern practical implementation, the number of calibration 
points that is considered is two, three, four and five. Two calibration points are typically 
considered for compensation of offset and gain errors. A number of three calibration 
points, for compensation of offset, gain and second order non-linearity errors, are 
considered using an additional calibration point in the middle of the input range. To 
compensate the previous errors plus third order non-linearity errors besides offset and gain 
calibration points two additional calibration points, about 25 % and 75 % of the input 
range, are considered. Finally, to compensate the previous errors plus fourth order  



Chapter 11. Improved PWM A/D Conversion Technique: Applications for Digital Sensors  
and Sensor Systems 

255 

non-linearity errors besides offset and gain calibration points three additional calibration 
points, about 25 %, 50 % and 75 % of the input range, are considered. The method is 
iterative and the polynomial coefficient obtained for each additional step preserve the 
calibration coefficient previously evaluated [16-18]. It is also important to refer that the 
number and location of input values that are used for calibration purposes dependents on 
sensor or measuring channel characteristics, non-linear profile of the characteristics 
curves to be calibrated, and also sensor usage in terms of the probability density function 
of the data acquisition values for a particular application. For example, if the measuring 
channel is associated with a flowmeter where more than 90 % of the flow measurements 
are above 50 % of the maximum flow intensity (URV), it make sense to concentrate the 
calibration points in the second half of the measuring range. 

As an example, to validate the auto-calibration method it be considered the experimental 
results of a PWM NPC A/D converter with 10 bits, whose LMSE characteristic, with an 
error lower than 1E-6, is given by: 

 2( ) ( ) ,n n nN x a x b x c      (11.8) 

being a = 556, b = 266 and c = 128. 

The ideal and linear characteristic of the ADC is defined by:  

 ( ) 2 ,n
ideal n nN x x   (11.9) 

where xn represents the normalized input value and n represents the number of bits  
of the ADC. 

Considering a single calibration point, the offset compensated calibration curve is  
given by: 

 0 ( ) ( ) ( 0)C n n nN x N x N x    (11.10) 

If an additional calibration point is considered to compensate gain error, the calibration 
curve is given by: 

  1 0 0( ) ( ) 1 ( ) ( 0 ,C n C n C n ideal nN x N x c N x N x      (11.11) 

being coefficient c1 given by: 
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Considering three calibration points, the extra one located in the middle of the ADC 
conversion range, the new calibration curve is given by: 
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being coefficient c2 given by: 
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Extending the iterative procedure to a generic m calibration curve, it is possible to obtain: 
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      (11.15) 

where CPi represents the new calibration point associated with calibration curve NCi. 

The iterative expression associated with coefficient cm is given by: 
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 (11.16) 

According to the numerical values of our example, the results that are obtained after 
considering one, two, three, four and five calibration points, are associated with Nc0, Nc1, 
Nc2, Nc3 and Nc4 curves, respectively, represented in Fig. 11.8. The ideal characteristic 
that is considered is linear and varies between 0 and 2n when the normalized input signal 
(Xn) varies between 0, its minimum value, and 1, its maximum value. In this case, the 
locations of the calibration points are distributed uniformly within the measuring range. 

As expected the successive calibration curves, from Nc0 to Nc4, approximates the ideal 
characteristic represented, in the figure, by the dotted straight line. 

 

Fig. 11.8. First five progressive polynomial calibration transfer functions associated  
with the experimental characteristic (N). 
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Fig. 11.9 represents the relative error function associated with each calibration curve 
normalized to the maximum value of the ideal characteristic (Xn = 1). 

As expected, the LMSE and the IAE for the calibration curves is reduced each time an 
additional calibration point is considered to build the progressive calibration polynomial 
[19]. Figs. 11.10 and 11.11 represent the results that are obtained for both for LMSE and 
IAE when the number of calibration points is incremented from 1 to 5. As it is almost 
expected, considering only one calibration point could be worse than performing no 
compensation. A good linear approximation requires, at least, two points, in this case two 
calibration points, one to compensate offset error and the other to compensate gain error. 

 

Fig. 11.9. Relative error function associated with each calibration curve normalized  
to the maximum value of the ideal characteristic. 

 

Fig. 11.10. Least mean square error associated with the first five progressive polynomial 
calibration characteristics. 

It is important to refer that the auto-calibration method that is presented can minimize the 
errors between calibration points when the appropriate kHL coefficient is used to perform 
A/D PWM conversion within each input range segment defined by successive calibration 
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points. For example, if three calibration points are used (N_CAL = 3), different values of 
the kHL can be used in the first and second half-ranges of the A/D converter in order to 
compensate second order non-linear errors in each segment. 

 

Fig. 11.11. Integral absolute error associated with the first five progressive polynomial 
calibration characteristics. 

11.4. Experimental Study Cases 

In this section two linearization examples will be considered to highlight the performance 
of the non-linear PMW NPC A/D converter in application that require linearization of the 
input sensing channels. 

11.4.1. Linearization of a Thermistor Characteristic 

Using the circuit represented in Fig. 11.12, where R(T) represents the NTC thermistor 
(ON400), a virtual instrument was developed to characterize the variation of the 
thermistor resistance with the temperature. Using an instrumentation amplifier (IA) with 
gain equal to 2 and letting the reference resistance to be equal the minimum value of the 
thermistor value, it is possible to verify that the normalized input voltage to be converted 
is given by: 

 
min
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1 ( ) / ( )
in

REF

V

V R T R T



 (11.17) 

By varying the temperature between 0 °C and 50 °C, with 1 °C increments, it was possible 
to obtain the thermistor characteristic represented in Fig. 11.13. 

Figs. 11.14 and 11.15 represent the linearization results that were obtained using a 
common linear A/D converter and a linear terminal based and LMS first order 
linearization, respectively. The interpolation error that is obtained in each case is equal to 
19.9 % and 5.4 % of the maximum conversion voltage (FS), respectively. 
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Fig. 11.12. Experimental circuit used to obtain thermistor characteristic. 
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Fig. 11.13. ON400 thermistor characteristic. 
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Fig. 11.14. Results obtained with zero offset linear interpolation (maximum relative value  
of the interpolation error = 19.9 % of full scale – VREF). 
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Fig. 11.15. Results obtained based on a linear interpolation voltage offset (maximum relative 
value of the interpolation error = 5.4 % of full scale – VH). 

Finally, using the PWM NPC A/D converter and minimizing the deviation between the 
experimental characteristic and the inverse PWM NPC A/D converter characteristic, it is 
possible to obtain the linearization of the thermistor characteristic, directly, without any 
interpolation and with a much lower error. As represented in Fig. 11.16, it is possible to 
obtain a linearization error almost equal to 1.4 % of VREF using the kHL coefficient value 
equal to 0.72. 
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Fig. 11.16. PWM NPC A/D converter linearization results (maximum relative value  
of the interpolation error = 1.4 % of full scale – VREF). 

11.4.2. Linearization a Flow Meter Characteristic 

In order to test the linearization capability of the PWM NPC A/D converter in a deep  
non-linear case, a flowmeter with a square root characteristic is considered. The output 
voltage of the air flow transducer [20] is proportional to the square root of the differential 
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pressure [21, 22] across the flowmeter. The test set-up includes an air pressure regulator 
that was mounted in series with the flowmeter and the output pressure from the regulator 
was adjusted between 0 and 15 p.s.i. 

Fig. 11.17 represents the characteristic that has been experimentally obtained and the 
continuous line results the curve that results from the curve fitting of the experimental 
results by minimizing the least square error (LMS) deviation between experimental points 
and the correspondent points, for the same pressure value, obtained from a parametric 
square root interpolation defined by: 

   PV a b p  , (11.18) 

where p is the differential pressure and the coefficients a and b, that minimize the LMS 
deviation between the experimental values and those obtained based on the 
aforementioned interpolation function, are equal to 0.788 V and 1,084 V/p.s.i.1/2, 
respectively. 

 

Fig. 11.17. Square root curve fitting of the flowmeter characteristic: symbol o- experimental data; 
continuous line: LMS square root characteristic. 

Fig. 11.18 represents curve fitting results associated with square root interpolation, linear 
interpolation and a piecewise linear interpolation with two segments. 

As it is clearly visible the error is minimum if a square root curve fitting is considered. 
Fig. 11.19 represents the relative error between experimental values and those obtained 
by square root interpolation, and the maximum value of this error module equal to 2.2 % 
for pressure values below 5 psi. This maximum error is acceptable and is within the 
tolerances of the flowmeter but the complexity in terms of mathematical calculations is 
high particularly if compared with linear interpolation methods. 
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Fig. 11.18. Linear and piece wise linear interpolation characteristics. 
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Fig. 11.19. Relative error between the experimental and the square root curve fitting 
characteristics. 

However, selecting the optimal value of kHL that minimizes the mean square deviation 
between the experimental values and the ones obtained using a PWM NPC A/D converter 
it possible to obtain better results without any need to process output data from the A/D 
converter. 

Fig. 11.20 represents the variation of the relative error as a function of pressure value 
when using an 8 bit PMW NPC A/D converter when the converter input range is divided 
in two equal and continuous segments. The voltages limits (VL’ – VH’) for each segment 
are equal to 0-2.50 V and 2.50-5.00 V, and the nonlinearity correction factors are equal to 
KHL = [2.928; 1.162]. In this case, the maximum error in the full range of the flowmeter 
is lower that 2 % and for pressure values above 5 psi the absolute error is always lower 
than 0.5 %. 
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In conclusion, we can say that the PWM NPC A/D converter reduces the maximum value 
of the measurement error without need of any hardware (square root extractor) or software 
linearization technique. The A/D conversion and linearization are simultaneously 
implemented in the converter without any computational overload. 

 

Fig. 11.20. Relative error obtained with a PWM NPC A/D converter using  
KHL = [2.928; 1.162] (n = 8 bits). 

11.5. Conclusions 

The chapter represented the theoretical model and circuits associated with an improved 
PWM discrete A/D Conversion method that can be used to enhance analog measurement 
channel linearity and auto-calibration capabilities. Advantages of its application for 
linearization and auto-calibration are underlined using simulation and experimental 
results. Regarding experimental results, two linearization examples are presented to 
validate theoretical expectations of the proposed discrete A/D conversion method. One 
example is related with the linearization of thermistor (ON400) that is typically applied in 
medical instruments and another example is related with the linearization of the 
relationship between the output voltage of a Venturi design airflow sensor (AWM5000) 
and the input pressure. The successful results that were obtained in both examples show, 
in the first case, a reduction of the linearization error from 19,9 % to 1,4 %, relatively to 
the temperature sensor measuring range, and a reduction from 4,1 % to 0,5 %, relatively 
to airflow sensor measuring range. It is important to highlight that the proposed method 
performs linearization using only the non-linear characteristic function that the PWM 
NPC A/D converter exhibits. 
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Chapter 12 
Energy Efficient Key Management Protocol 
for Securing Autoconfigurable Networks 

Chérif Diallo1 

12.1. Introduction 

Security issues related to communication in autoconfigurable networks such Wireless 
Sensor Networks (WSN) are numerous and complex [1-4]. This complexity is most often 
linked to the constraints conveyed by the sensors [5]. Indeed, the sensors are characterized 
as entities that have low storage memory, low computing power and the battery that it 
integrates is in no way rechargeable [5]. Because of its limitations, traditional 
cryptographic solutions like RSA that require a lot of calculations in the establishment, 
encryption and decryption of keys become inapplicable for this type of network [6]. This 
means that lightweight cryptography [7-10], which could be an alternative to the old 
cryptographic algorithms, is aimed to apply security mechanisms like cryptographic 
algorithms in WSN while optimizing the limited resources of the sensors. Optimization 
will concern, among others, storage, memory, bandwidth, energy. Then lightweight 
cryptography mechanisms are intended to be able to authenticate data transmission as well 
as a source of diffusion, to ensure data integrity, confidentiality, and availability. 
Moreover, managing scalability of autoconfigurable networks is an important issue 
because sometimes it may be necessary to add more nodes while also ensuring the 
freshness of data [1, 2] and the quality of service in the network. 

Nevertheless, many attacks [1, 2, 11-14] still remain in these networks because most of 
the proposed solutions are often limited to a very particular operation (clustering xor 
routing, xor data transmission) and do not take into account all operations at  
the same time. 

                                                      

Cherif Diallo 
Laboratoire Algèbre, Cryptographie, Codes et Applications (LACCA), UFR Sciences Appliquées et de 
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With all these considerations, we propose in this chapter, the Low Energy Secure Data 
Transmission Protocol (LESDTP) [15] which is a new key management protocol for 
overall clustering process and data transmission operations in autoconfigurable wireless 
networks such as WSN. 

12.2. Background and Related Works 

Many cryptography solutions (encryption algorithms, authentication and key management 
methods, etc.) have been designed for wired networks but these solutions dot work well 
in some wireless networks like Mobile Adhoc Networks (MANETs) or Wireless Sensor 
Networks (WSNs). The most frequently proposed solutions use methods and standards in 
such a way that does not completely meet the needs of the WSN, because of the limited 
node capacity in energy resources, memory and computation. 

The adaptation of any cryptography mechanism to the WSNs must comply with the 
following conditions: (i) the exchange of keys and information concerning their creation 
must be carried out rapidly and securely since the communications pass via the radio 
signals and could be intercepted at any time, (ii) the nature of the WSN deployment for 
some applications makes the nodes vulnerable to physical capture (the loss of these nodes 
should not affect the security of communications across the entire network), (iii) WSN 
nodes are known to be limited in energy resources, computing potency and storage 
capacity. Energy saving in WSN is a big issue for any application. Thus, the architecture 
proposed for a given application must find a compromise between the level of security 
and the total cost of resource consumption. For example, the use of a single encryption 
key for the entire network could help in reducing the required memory quantity, and 
eliminates the calculation of derived keys and thus allows energy saving. However, the 
use of single encryption solutions does not offer a good level of security over time. An 
opponent could extract the key from a physically captured node and decipher information 
that circulates in the network. Hence the need for certain applications of having a 
sufficiently secure architecture while respecting the weak capacity of the nodes. 

The establishment of a secret key between two or more nodes is one of the most important 
security services that ensures the confidentiality and integrity in a WSN. In order to 
achieve this goal in a secure manner, we need a key management protocol that can 
manage: (i) pre-distribution of keys prior to network deployment, (ii) establishment of 
keys in a secure way after deployment, and (iii) the issuance, renewal and revocation of 
keys throughout the network lifetime. The dynamic character of key management will 
allow the network to remain scalable and to be able to manage the coming arrival of nodes 
in the WSN or the node losses. Moreover, this must not only ensure quick node integration 
by delivering certified keys, but must also provide keys revokation or renewal for 
maintenance services. 

The easiest way to encrypt/decrypt messages exchanged between nodes relies on 
symmetric key cryptographic systems. For sensitive applications, the symmetric key could 
be renewed periodically to deal with some threats like eavesdropping. However, if an 
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attacker succeeds in recovering this key by calculating it or by capturing a node, he would 
be able to decipher messages and compromise the network security. 

Other methods are based on the mechanisms of asymmetric key cryptographic systems 
including the concept of Public Key Infrastructure (PKI) derived from wired networks. 
For example, some methods use the base station as a trusted third party to replace the PKI 
CA (Certificate Authority). In this way, the base station will be responsible for 
authenticating and distributing authentication keys after network deployment. The 
difficulty of such cryptographic methods is to take into account network bandwidth 
limitations, and energy, memory and node storage. 

Depending on the applications, we could meet the use of symmetric cryptographic 
systems, or asymmetric cryptographic systems or hybrid systems which jointly use the 
symmetric and asymmetric systems (Fig. 12.1). 

 

Fig. 12.1. A classification of WSN key management schemes. 

There are other classification methods, some of which are based on the type of approach 
such as sharing a key between two nodes (Pair-wise) or between multiple nodes  
(Group-wise), and others, on the fact that they exploit the probabilities, combinatorial  
analysis, etc. 

12.2.1. Symmetric Key Cryptographic Systems 

Symmetric key cryptographic schemes use a common key for both encryption and 
decryption processes between two WSN nodes. This is done in three steps: 
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 Key pre-distribution: the set of keys stored in the node memory before network 
deployment are the key ring of the node. If there is a common key (or Shared-key) 
between two nodes, then they can create a secure link between them. 

 Shared-key discovery: after network deployment, a communication protocol will be 
responsible for the common key discovery process between two neighboring nodes. 

 Path-key establishment: if there is no common key between two nodes wanting to 
communicate, then we must find a secure path between them. This path goes through 
a set of nodes that already contains secure links. Once this path is established, both 
nodes can use it to communicate securely. 

12.2.1.1. Random Key Pre-distribution Schemes 

Random key pre-distribution methods include: (i) Probabilistic methods, defined by a 
random selection of key sets selected from a large list knowing that there are common 
keys between its keychains, with some probability; (ii) Deterministic methods, in this case 
the keys sets are generated in a deterministic way to ensure the establishment of some 
links between the nodes, and (iii) The hybrid methods, born from a combination of the 
two previous methods to increase the connectivity between nodes and enhance network 
scalability. 

12.2.1.1.1. Random Key Pre-distribution with Probabilistic Methods 

Eschenauer et al. [16] introduce the idea of key pre-distribution, before network 
deployment. For each node, a subset of keys is randomly chosen from a large set of keys. 
This is done in such a way that two neighboring nodes could have at least one key common 
with some probability after deployment. This method is considered as the basic scheme 
of probabilistic methods. The key pre-distribution phase of the scheme is carried out in 
several stages: 

 It begins by generating a large set P of keys, pool of keys, with their identifiers. 

 Then, for each node i, a subset ki of keys is randomly selected from P. The keyring 
ki is then stored in the memory of the node i. The association list between the 
identifiers of the keyrings and the identifiers of the nodes is stored in a control node. 
A small number of keys stored in the nodes will permit establishment of common 
key between two nodes after network deployment. 

 The second phase of this method is the discovery process of common keys. In order 
to discover if a neighboring node shares a common key, a source node broadcasts the 
list of identifiers of its keychain in plain text to its neighbors. Even if the opponent 
discovers this list, he will not have the opportunity to discover the keys of the list and 
he will not have the shared key used for encryption. However, if he captures the node, 
he will be able to discover the shared key and then decipher the communications of 
the established link. 
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 When a node is captured, its keychain must be revoked. A control node (which may 
be mobile) broadcasts a signed revocation message containing the list of identifiers 
of the revoked keychain. In order to sign this list, the control node generates a 
signature key, which is encrypted with the shared key between all nodes and the 
control node, and then sends it individually (unicast message) to the nodes. The nodes 
are then able to check the signature of the received message. Finally, each node 
locates the common identifiers with this list and then removes the corresponding keys 
from their memory. 

 Once a keychain is revoked, some created links could disappear and then affect 
communications between nodes. But, affected nodes can reconfigure missing 
communication links by restarting a new key establishment phase with their 
neighbors. The key revocation only affects a few nodes and only a small portion of 
keys in their keychain will be removed. This is necessary to limit the risks associated 
with node capture attack. 

In this scheme, the renewal of keys of a node is equivalent to a self-revocation of the 
shared key with another node. The node resumes the discovery phase of the common key 
with its neighbor without involving any control node in the operation. Note that after each 
renewal or revocation operation, a node loses at least one key to its keychain and may 
have some affected communication links with other nodes, or no communication link in 
case of exhaustion of the entire keychain. 

Chan et al. [17] was inspired by Eschenauer et al. [16] method to propose a new pre-
distribution scheme where two neighboring nodes must share several common keys 
instead of one. This increases the resistance against the node capture attack because the 
adversary will have more difficult to find the key established with an adjacent node among 
the common keys. 

12.2.1.1.2. Deterministic Keys Pre-distribution Schemes 

These methods have the advantage of guaranteeing fully connected graphs because they 
allow each node to establish a unique key with any other node in the network. However, 
this requires a large storage capacity. Known as pairwise key, each distributed key is 
unique and is established between only two nodes. There are several schemes for 
distributing symmetric keys in a deterministic way. We can classify them into three 
categories: grid-based schemes [18, 19], methods based on combinatorial structures  
[20, 21], and methods based on the use of codes [22]. 

Chan and Perrig [18] proposed a grid-based method called PIKE (Peer Intermediaries for 
Key Establishment). Most probabilistic schemes realize their keys distribution by storing 
the keys according to a complexity process of order O(N) (where N is the maximum 
number of nodes in the network). In addition, they often use the base station as a trusted 
intermediate node. This results in an energy overconsumption as this requires that many 
messages are sent towards the base station. 
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In order to solve the problems related to the storage of a large number of keys and the 
depletion of energy, PIKE proposes a deterministic key establishment method that can be 
realized according to a complexity process of order O(√𝑵). This method uses ordinary 
network nodes as trusted intermediaries. The keys are pre-distributed so that any pair of 
nodes A and B can always have the possibility of finding a node C of the network that 
shares a unique key with A and B. Then Will use C as a trusted intermediate node to 
transmit the key establishment message to B. 

In order to better understand how the method works, we use an example provided by the 
authors of PIKE [18]. The Fig. 12.2 shows a logical grid (or virtual space) of identifiers 
of 100 nodes. Each number in the grid is the identifier of a network node. This shows that 
the nodes 91 and 14 can share a unique key with each of the nodes that belong to their 
column or their line. Thus, the nodes 11 and 94 can act as trusted intermediaries in 
establishing keys between 91 and 14. 

 

Fig. 12.2. Virtual space of node identifiers in a network of 100 nodes [18]. 

Each node in Fig. 12.2 will be loaded with 18 keys (9 keys for the nodes belonging to its 
line and 9 keys for the nodes belonging to its column). To generalize, each node of a 
network of size N is loaded with 𝟐 √𝑵 𝟏) distinct keys. Once the trusted intermediary 
C has been chosen (geographically closer to A and B), A encrypts a new symmetric key 
kA,B to be shared with B using its common key with C and sends it to C. At the reception, 
C decrypts the message and retrieves the key kA,B. Then, C re-encrypts it with the common 
key shared with B before sending it to B. Finally, B receives the shared key kA,B with A 
by decrypting the message received from C using the unique key shared with C. Finally, 
the node B sends an acknowledgment to the node A. Each message is accompanied by a 
MAC (message authentication code) to check its integrity. 

Note that PIKE minimizes key storage in node memory before network deployment 
compared to other methods. However, the number of messages exchanged during the key 
establishment process has the disadvantage of consuming more energy and time. PIKE 
proposed the use of network nodes as trusted intermediaries in place of the base station. 
This has the advantage to avoid exhaustion battery of the nodes located near the base 
station. However, this solution could have a disadvantage, because any threat against the 
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trusted intermediate nodes of A and B could destroy the security of messages exchanged 
between A and B. 

Liu et al. [19] has proposed a similar grid based approach to Chan and Perrig [18] where 
the main idea is based on the location of the nodes grouping them in n groups each 
containing a number m of nodes. The pre-distribution scheme establishing a unique shared 
key between two nodes of the same group is called "in-group pre-distribution". While the 
pre-distribution scheme establishing a single share key between two groups is called 
"cross-group pre-distribution". The in-group pre-distribution scheme could then be any of 
the existing pre-distribution schemes. In [19], {Di}i = 1,2,…,n are defined as instances of an 
existing in-group pre-distribution {Gi}i = 1,2,…,n. While 𝑫𝒊 i = 1,2,…,m are defined as instances 
of a cross-group pre-distribution 𝑮𝒊 i = 1,2,…,m. This scheme must meet both of the 
following conditions: (i) each 𝑮𝒊  contains exactly one node of a group and  
(ii) ∀ 𝑖, 𝑗 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝑖 𝑗, 𝑡ℎ𝑒𝑛 𝐺 ∩ 𝐺   ∅ 𝑎𝑛𝑑 𝐺 ∩ 𝐺   1 . Thus, each  
cross-group constitutes a potential link for any pair of two in-group. 

12.2.1.2. Schemes Based on the Base Station Participation or on a Master Key  
Pre-distribution 

Perrig et al. [23] have proposed the SPINS protocol which is based on two protocols: 
Sensor Network Encryption Protocol (SNEP) and μTESLA. SNEP ensures confidentiality 
and authentication of data exchanged between two nodes by adding 8 bytes to each 
message. As for μTESLA, which is an extended version of TESLA [24], it only ensures 
the authentication of broadcast packets. SNEP relies on the use of the RC5 encryption 
algorithm by using it in CTR (CounTeR) mode. At the beginning of the deployment, the 
network topology only allows communications between the sensor nodes and the base 
station. After network deployment, SPINS introduces a method for extending established 
trust between nodes and the base station to other communication links between  
regular nodes. 

The protocol consists in storing a master pre-shared secret key (X) in the sensor node and 
in its base station. After network deployment, a node A and a base station BS each derive 
two secret keys from the master pre-shared key (XA,BS = XBS,A): the node A gets KA,BS and 
K'A,BS and the node BS gets KBS,A and K'BS,A. The first key is used for encryption and the 
second is dedicated to the calculation of the message authentication code (MAC). Key 
derivation is done by using a pseudo-random function. Since the two nodes share the same 
master key and the same derivation function, each node will forward the secret keys of 
the other to be able to decrypt and check the received messages. Instead of sending 
counters with messages, A and B share two counters (one for each direction of 
communication). Counters are synchronized using a counter exchange protocol as shown 
in Fig. 12.3. CA and CB are the respective counters of the nodes A and B. Both counters 
are not secret, so A can send his counter to B in a clear text. At the reception, B sends its 
counter accompanied by the message authentication code (MAC) of the combination of 
the two counters. Thus, A will be able to check the integrity of CB. It then sends the 
message authentication code of the combination of the two counters to B so that it can 
check the integrity of CA. 
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This counter sharing method saves energy in a good way by replacing the sending of 
counters in each message with a MAC calculation and counter synchronization. Note that 
this method can only be beneficial if the two communicating nodes have a lot of data to 
exchange. In addition, each communication needs two synchronized counters (one per 
communication direction), and this could overload the calculation and memory storage of 
the nodes. 

 

Fig. 12.3. Counter exchange protocol. 

Zhu et al. [25] propose the LEAP protocol, a WSN authentication and key management 
protocol. LEAP relies on the use of four types of keys per node: (i) an individual key 
shared with the base station, (ii) a unique key shared with another node, (iii) a shared 
cluster key with its neighboring nodes of the same cluster, (iv) and a group shared key, 
with all the nodes of the network. The network controller generates an initial master key 
and stores it in each node memory before network deployment. After the network 
deployment, each node u of the network derives from this key its own master key  
Ku = fKi(u). Then it broadcasts a HELLO message containing its identifier to its neighbors 
(u → *: u). When it receives an ACK from a neighbor v (v → u: v, MAC (Kv’ u│v)), it 
will be able to verify its identity by firstly computing Kv = fKi (v) and then the MAC. Once 
the identity of v is verified, u calculates its unique key shared with it Kuv = fKv (u). The 
node v can then calculate this key in the same way. Note that u does not need to 
authenticate to v because authentication will be implicit when sending encrypted messages 
using the common key. After a certain time defined at the beginning of the network 
deployment, the node u will remove the initial master key and the keys formerly calculated 
from its neighboring nodes (the Kv). It keeps only its individual key and the unique keys 
shared with its neighbors. Suppose a node u is a cluster head sending a cluster key to its 
neighbor nodes v1, v2,…, vm. It first generates a random key 𝑲𝒖

𝒄 . It then encrypts it by 
using the key shared with each vi(1 ≤i ≤ m) before sending it in a unicast way  
vi(u → vi: (𝑲𝒖

𝒄 )Ku,vi). In order to distribute group keys shared by the entire network, LEAP 
adapts the μTESLA protocol. Finally, LEAP uses the RC5 algorithm for encryption and 
uses the CBC-MAC mode for message authentication. 
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12.2.2. Asymmetric Key Cryptographic Systems 

12.2.2.1. PKI Based Schemes 

The SKKE algorithm is a symmetrical protocol proposed by the ZigBee Alliance which 
relies on the use of a master key to create a common key (LK) shared between any two 
nodes of the network. Therefore, if the master key is compromised, the LK key may be 
compromised as well. In order to solve this issue, a new protocol has emerged: the PKKE 
[26] protocol based on the use of public keys infrastructure (PKI). As the creation of public 
keys relies on static data that has a short lifetime, and not on the confidentiality of a master 
key, so its compromising will not necessarily affect the LK key. 

The Fig. 12.4 shows the LK key establishment following the PKKE protocol steps. This 
is done in four stages. The first step is to exchange static data (Su, Sv) coupled with data 
generated by u and v during a short time (Eu, Ev). (Su, Sv) is a combination of the node 
addresses (node identifiers) with their static public key. Eu and Ev are public key pairs 
randomly generated for a short time. The second step of the PKKE protocol is to use a 
function (KeyBitGen function) that produces the same keys on both sides. This function 
is based on the use of the ECMQV (Elliptic Curve Menezes-Qu-Vanstone) key sharing 
method specified in [27]. The third step is to derive the two keys Mackey and keyData, 
and to compute the MAC on both sides. The last step of the protocol consists in 
exchanging the computed MAC to have them checked by both u and v. Once the MAC 
are verified, then KeyData will be the shared symmetric key. 

 

Fig. 12.4. LK key establishment following the PKKE protocol steps. 
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As you can see, the difference between the PKKE asymmetric protocol and the SKKE 
symmetric protocol lies in the use of an ECMQV asymmetric mechanism by PKKE in 
order to avoid the use of a pre-distributed master key which could be compromised and 
thus destroy the overall security of the network. 

On its side, the CBKE [26] (Certificate-Based Key-Establishment) protocol aims to 
implement the use of digital certificates signed by a trusted certificate authority (CA). 
Each node of the network has a private key and a public key embedded with a certificate 
signed by the CA. Certificates contain specific information such as network ID, validity 
date, node class, and so on. The CBKE protocol has a structure identical to that of PKKE 
but here certificates (CERTu, CERTv) are used instead of the public keys (Eu, Ev). The 
signature of the CA is verified upon reception of the certificates by u and v. 

12.2.2.2. Node Identity Based Schemes 

The goal of the author of the IBC (Identity-Based Cryptography) method [27] was to 
introduce a new type of cryptographic methods which are able to provide the same 
cryptographic services as a PKI without the need: (i) to exchange private/public keys,  
(ii) to store created key directories in node memories, (iii) nor to use the services of a 
trusted third party. The IBC protocol is based solely on the information of the identity of 
the person (name combination, social security number, telephone number, etc.). This 
method exploits the principle of issuing smart cards containing a private key that 
corresponds to the personal information of the user itself. So, if Bob wants to send a 
message to Alice, then he has only to sign the message with his private key and then 
encrypts the result with the public information of Alice before sending it. Upon the 
reception of the message, Alice decrypts it with her private key and checks Bob's signature 
using Bob's personal public information. The system implementation requires a public 
key schema to generate the private keys. This system has been used to develop new 
encryption systems such as the Identity-Based Encryption (IBE) cryptography  
system [27]. 

The PKKE and CBKE protocols use the identity of the nodes in their key establishment 
methods. The goal is to use these identities to create a unique shared key between each 
pair of nodes in the network. However, the creation of the shared key is realized with 
interactions between the two nodes. That is to say that these methods require sending and 
receiving multiple messages from both sides before creating the key. Which results in 
wasting too much energy. In order to save the energy of the nodes, several Identity-Based 
Non-Interactive Key Distribution Schemes (ID-NIKDS [28]) have been proposed in order 
decrease or to suppress these interactions. 

Oliveira et al. [28] have proposed a ID-NIKDS method which uses PBC coupled with the 
IBC system to generate keys based on the identity of the WSN nodes. The main idea is 
that each network node has a unique identifier and a private key, so that any node would 
be able to derive a unique common secret key with another node by only knowing its 
identifier. 
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12.2.3. Comparative Analysis 

In the previous parts, we presented several cryptographic schemes. In this section we will 
now give a brief comparative study of these protocols (Table 12.1). Here, several 
challenges or criteria (Fig. 12.5) are taken into account in order to compare different 
methods of key management. 

Table 12.1. WSN key cryptographic management schemes comparison. 
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The proposed key management methods must take into account the fact that the nodes 
have been deployed to collect the information. So, the nodes need their memory space to 
store collected data, and also need their embedded energy to ensure long application 
lifetime as much as possible. Moreover, cryptographic solutions must also be flexible, 
dynamic and suitable for scaling (scalability). Managing new nodes insertion in the 
network and physical node losses during network operation must be done in a manner that 
maintains the overall security level. Therefore, any cryptographic scheme must also offer 
a very good resistance against attacks. In case of node capture, for example, the adversary 
can use the stored information to set up other attacks against the network. The key 
management method used must be able to detect compromised nodes and authenticate 
network nodes before distributing keys. Another important challenge to take into account 
is keys renewal and revocation management processes. An expired key or a key 
discovered by an opponent must be revoked in timely manner. The keys of the secure 



Physical and Chemical Sensors: Design, Applications & Networks 

 276

links must also be renewed periodically. The key distribution method must be able to 
ensure and maintain a good quality of network connectivity. Because, in the case of the 
loss of a node, the communications between of the remaining nodes could be negatively 
affected. Thus the key management methods must take into account this issue: 

 

Fig. 12.5. Key management protocol challenges. 

 PIKE, which is a probabilistic scheme, consumes little energy and does not require lot 
of computing resources. However, the large size of key sets stored in the nodes 
memory before deployment make this scheme among the most expensive symmetric 
schemes in terms of memory occupancy. On the other hand, it can not resist some 
attacks such as physical node capture attack. Finally, while PIKE method provides 
better connectivity between the nodes of the network, it is difficult to scale with a high 
energy consumption due to the number of messages exchanged for key establishment. 

 SPINS and LEAP schemes use master keys in its key establishment process. This 
reduces the required capacity for keys storage in the memory of the nodes. However, 
resistance to attacks is low. Since the master key may be compromised at any time, 
provided keys after deployment using this master key may be compromised as well. 
By adopting a symmetrical system, they require less computing resources. We can 
notice that, these symmetric schemes are expensive in the operations (if they exist) of 
keys renewal and revocation since they use secret keys to exchange other secret keys. 
The problem is simpler in asymmetric schemes since public keys do not need to be 
secret. 

 As we can see, the TinyPBC scheme is a suitable asymmetric cryptographic scheme. 
It resists most known attacks in WSN. Using coupling to establish a unique shared key 
between two nodes helps in reducing the need for large storage capacity in node 
memory. In addition, the creation of this key is performed without any interaction 
between the nodes, which contributes to save processing time and energy consumption. 
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Otherwise, PKI and certificates based schemes remain more expensive in terms of 
processing time and energy consumption. 

 Finally, the comparison between symmetrical and asymmetrical schemes may differ 
depending on the desired level of network security. Symmetric schemes can be chosen 
for their computational speed, while we may prefer the asymmetrical ones for their 
good resistance against attacks. 

We have presented, in this section, some backgrounds and related works in the field of 
WSN cryptographic keys management mechanisms. The lack of infrastructure such as 
PKI in the WSN has forced nodes to not trust the network and to create secure paths from 
the data source to the base station. Works like [28] have used node identities and the 
coupling principle to reduce or eliminate interactions between nodes for key establishment 
in order to be resistant against as many attacks as possible. However, until today there are 
not really complete and dynamic solutions that would be easily adaptable to WSN. The 
methods we have studied in this section have great advantages when they are dedicated to 
particular network applications and topologies. However, it is difficult, if not impossible, 
to generalize them as such to any type of application or to make them truly versatile and 
universal. In what follows, we will present our contribution, which is proposing a new 
mechanism for cryptographic key management aimed at securing end-to-end data 
transmission in WSN. 

12.3. LESDTP: A New Key Management Protocol 

According to the previous background study, the main goal of Low Energy Secure Data 
Transmission Protocol (LESDTP) is to provide a key management scheme in order to add 
more security features for overall communications in wireless sensor networks, including 
network operations such as clustering process. 

12.3.1. Protocol Overview 

LESDTP uses the mechanisms of symmetric key management systems [29] with a 
deterministic method of pre-distribution of random keys to ensure the confidentiality of 
data, and the message authentication code (MAC) cryptosystem [29] to ensure the 
authenticity of the data source node and the integrity of the received information. Then, 
firstly, it would be possible to generate a key for each node of the network. Hence, a key 
range resulting from a finite set {P} generated by the Base Station (BS) will be allocated. 
This allocation would be done in such a way that any two subsets of {P} would have a 
high probability of having a common key "k". As a result, any two nodes sharing a 
common key would be able to exchange secure messages. This common key is used to 
compute the Message Authentication Code (MAC) [29] and data encryption for any 
communication between the two nodes. 
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12.3.2. Assumptions 

LESDTP is based on the following assumptions: 

 The autoconfigurable network is static. So, there is no mobile node in the network; 

 The processing, communication, power and storage capacity of the Base Station (BS) 
is greater than that of other nodes in the network; 

 The network is homogeneous: all nodes, except the BS, are similar in their 
processing, communication, energy and storage capacity; 

 Nodes are using a common clock, and are synchronized; 

 The deployment topology is done in a randomly manner [5, 6]: the neighbors of any 
node are not known before deployment; 

 The communication channels are bidirectional: if a node A can receive a message 
from a node B, then B can send a message to A; 

 The routing protocol used is L2RP [5, 30, 31]; 

 Each node is pre-loaded with a unique ID, a keychain and a secret key ”ks” before 
deployment; 

 The pre-distribution of keys is deterministic; 

 Cryptography is based on symmetric encryption: The same key is used for a pair of 
nodes to encrypt and decrypt messages exchanged between them using a symmetric 
encryption algorithm. 

12.3.3. Notations 

The following symbols are used to describe the LESDTP process (Table 12.2). 

Table 12.2. LESDTP protocol symbols. 

Symbols Meaning Symbols Meaning 
BS Base Station NC Total number of simple nodes in a cluster 
X Total number of network nodes Ni Simple node number i 
Xj Node number j P(Ni) Keychain P of the simple node number i 
ID ID of a node D Data to be transmitted 
{P} Finished set of keys MAC() MAC calculated by a node 

P(Xj) 
Keychain P of the node number 
Xj 

TT Data transmission time 

K 
Key shared by all nodes in the 
network 

PP Physical phenomenon 

kc Common key between two nodes F() Encryption function 
C Total number of clusters D() Decryption function 
Ca Cluster number a  Message transmission 
CH Cluster Head ∥ Concatenation operator 
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12.3.4. Phases of the LESDTP Protocol 

The LESDTP process runs in several phases: key management and network 
implementation phase, communication phase and key maintenance phase. 

12.3.4.1. Key Management and Network Implementation Phase 

This initial phase consists of keys pre-distribution (Algorithm 1), random network nodes 
deployment, clustering operations, shared key discovery, and secure link establishment. 

12.3.4.1.1. Keys Pre-distribution 

Before the network deployment, each network node Xi is pre-loaded with an ID, a secret 
key k, and a key ring p selected from a large set P of keys by the BS. This one then stores 
on a table all the IDs of the nodes. The number of keys of the set P is chosen so that two 
random subsets of P would have a probability of sharing a same key ”kc”. 

Algorithm 1. Keys pre-distribution. 

{P}  finite set of keys; 

X the total number of nodes in the network; 

k the secret key shared by all nodes; 

ID the identifier of a node; 

P(Xj) the keychain of node j; 

Begin 

For j → 1 to X 

 BS generates {P} 

 BS generates k 

 Xj ← BS: ID(Xj) 

Xj ← BS: P(Xj), P(Xj) ∈ {P} / P(X1) ∩ P(X2) ∩…∩ P(XX) = kc 

 Xj ← SB: k 

 BS← ∑ID(Xj) 

Random deployment of network nodes; 

End 
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12.3.4.1.2. Clustering Process 

After a random deployment of the nodes, then the network runs a 1-hop clustering process 
[5, 32] so that each cluster member of a cluster is a 1-hop neighbor of its clusterhead (CH) 
(Fig. 12.6). When clusters are formed, each simple node sends its data to its respective 
clusterhead. Upon data reception from all cluster members, then the CH performs data 
processing functions (aggregation and compression, etc.), and then transmits data towards 
the base station. A node decides which cluster to join based on the power of the received 
signals, by using the LQI-DCPSec clustering algorithm proposed in [33]. 

 

Fig. 12.6. Clustering process flowchart. 

After the clustering process, each node which is designated CH then broadcasts an 
initialization message to its cluster members. The initialization message contains the ID 
of the CH, encrypted with the secret key "ks". Since, the clustering process is based on 
the link quality indicator (LQI) [5, 33], then each node would need less energy to transmit 
data to its corresponding CH. Thus energy efficiency is guaranteed. 

Then, each cluster member transmits a message containing its node ID, the CH ID, and a 
header. After receiving messages from all cluster members, then the CH allocates to each 
node of its cluster a slot time based on a TDMA scheme (Time Division Multiple Access). 
And it is only during the allocated slot time that the nodes could be able to transmit data 
to the CH. 

12.3.4.1.3. Shared Key Discovery and Secure Link Establishment 

Once the network is set up and the clusters are formed, each cluster member sends its key 
string and ID to its CH. Then, the CH retrieves the shared key, "kc", and sends it back to 
the corresponding node. Such communications are done in a secure way because 
exchanges are encrypted using the secret key "k". This shared key is also used as the 
session key of the link between the two nodes. CHs proceed in the same way with the BS. 

After the shared key discovery phase, secure links are then established between each 
cluster member and its clusterhead (CH), and also between each CH and the BS. Since, 
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nodes are randomly deployed, CHs do not necessary form a backbone for routing process 
(Algorithm 2). So we use L2RP [5, 30, 31] as routing protocol, which could lead to use 
both CHs and non clusterhead nodes for data transmission between CHs and the BS [5, 
31-34]. The network then becomes a connected graph formed of several secure links. 

Algorithm 2. Shared key distribution. 

Begin 

For a → 1 to C 

M1 = [ID [CH (Ca)] ∥  p [CH (Ca)]]; 

CH (Ca) → BS: F (M1); # the CHs send their keychain to the BS 

BS → CH (Ca): F (kc); # BS returns to each CH the shared key 

CH (Ca): D (kc); CH (Ca) ← kc; 

End for 

For a → 1 to C 

For i → 1 to NC 

  M2 = [ID (Ni) ∥  p (Ni)]; 

  Ni → CH (Ca): F (M2); # nodes sending key to CH 

  CH (Ca) → Ni (Ca): F (kc); 

  # CHs return to each node of its cluster the shared key 

  Ni (Ca): D (kc); 

  Ni (Ca) ← kc 

End for 

End for 

#The network then becomes a connected graph with secure links 

End 

12.3.4.1.4. Data Transmission Phase 

There are two different types of communication: one between a cluster member node and 
its CH; and another one between the CHs and the base station (BS). Each CH hold a table 
containing all the identifiers (IDs) of each member of its cluster. Similarly, the BS also 
holds a table with the IDs of all the CHs of the entire network. 

 Communication between a cluster member and its CH: The simple nodes of a 
cluster collect the physical phenomena and then send data directly and periodically to 
its CH. In order to guarantee the authentication of the source node and to secure 
communication, data transmission phase will involve the date and time of 
transmission, the ID of the collector node and the MAC generated with the shared 
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secret key with the CH (Algorithm 3). Collected data are encrypted before 
transmission. Upon reception, the CH will firstly check the timestamp to ensure data 
freshness by discarding replayed data before decrypting the received data. If the 
timestamp is correct, it then calculates the MAC with the same key and compares it 
with the received one. If they are identical, the data will be accepted. The source node 
is then authentic and the data integrity is also correct. Otherwise data would be rejected 
and the source node would be considered as corrupted (Fig. 12.7, 12.8). 

 

Fig. 12.7. Flowchart of key discovery and secure link establishment. 

 

Fig. 12.8. Flow chart of the communication between a simple node and its CH. 

Algorithm 3. Encryption between regular node and CH. 

PP = physical phenomenon 

Ca = cluster number a 

NiCa = simple node i of the cluster a 

C = total number of cluster 
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NCa = total number of nodes in the cluster Ca 

D = data to send 

Begin 

For a → 1 to C 

For i → 1 to NCa 

  D (NiCa) = [PP (NiCa) ∥  TT (NiCa) ∥ ∥ MAC (k)  ID (NiCa)] 

  CH (Ca) ← F [D (NiCa)] 

End for 

End for 

End 

 Data transmission between a CH and the BS: after reception and validation of the 
received data from all its cluster members, each CH should compute some other 
operations like data aggregation [2]. Then, it calculates a new MAC with the shared 
secret key with the base station. After that, it concatenates aggregated data (resulting 
from collected physical phenomenon) with the MAC, the date and time of transmission 
and the ID. Finally, CH performs encryption and then sends resulting data to the BS 
(Algorithm 4). Upon reception and before using received data, the BS performs some 
control operations like: decryption, time stamp, MAC and source validation. 

Algorithm 4. Encryption between CHs and the BS. 

PP = physical phenomenon 

Ca = cluster number a 

NiCa = simple node i of the cluster a 

C = total number of cluster 

NCa = total number of nodes in the cluster Ca 

D = data to send 

Begin 

For a → 1 to C; 

CH (Ca): D (D (NiCa)); 

CH (Ca) ← PP (NiCa); 

D [CH(Ca)] = [PP(NiCa) ∥  TT [CH(Ca)] ∥ ∥ MAC (k)  ID [CH(Ca)]]; 

BS ← F (D [CH(Ca)]); 

End for; 

End. 
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12.3.4.2. Key Maintenance Phase 

The following operations could be performed during this phase: keys renewal, keys 
revocation, new node insertions. 

12.3.4.2.1. Keys Renewal 

In order to maintain a high security level of our protocol, the {P} key set will be renewed 
by the BS after a fixed period. This will also lead to the renewal of the key string of all 
the nodes of the entire network. After the renewal of {P}, the BS will send to each node 
its new keychain. The recovery of the shared key discovery and secure link establishment 
phase will be necessary at this step. 

12.3.4.2.2. Keys Revocation 

The keys revocation phase is triggered each time a network node is compromised. If the 
compromised node is a member of a cluster, its CH removes its keys string from memory 
and quarantines it so that it would not be eligible as CH in next rounds. 

On the other hand, if the compromised node is a CH, the base station deletes its keys 
string, triggers a cluster head election process between the non-compromised cluster 
members. Cluster members are notified that CH is compromised, then they ignore the 
messages from the corrupted CH and quarantine it. So, each cluster member sends its ID 
and keychain to the new CH to discover the shared secret key and then begin to establish 
secure links. 

12.3.4.2.3. New Node Insertions 

Before insertion in the network, a new node is pre-loaded with an ID and the shared secret 
key "ks". After its deployment on the network, the base station informs all CHs of the 
arrival of the new node. CHs send an initialization message to the new node. The new 
node then chooses which CH to join based on the power of the received signal as explained 
in the clustering phase. Finally, it sends back to its CH its ID and its keychain to establish 
the discovery phase of the shared secret key and secure link establishment. 

12.4. Evaluation of LESDTP Protocol 

In this section, we will evaluate the performance of our LESDTP protocol. But before 
that, one can easily understand, upon the above description, that this protocol could be 
used in many applications of various fields. Nevertheless, LESDTP does not support sport 
applications in which mobile athletes are equipped with sensor nodes. In such 
applications, nodes are not static. The following Table 12.3 summarizes the LESDTP 
application areas of autoconfigurable networks like wireless sensor networks or internet 
of things. 
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Table 12.3. Application fields of LESDTP protocol. 

Application domain Applicability 
Agricultural Yes 
Medicine  Yes 
Meteorology  Yes 
Military Yes 
Environment Yes 
Sport No 
Transport Yes 

 

12.4.1. Security Services Offered by the LESDTP Protocol 

Now let's look at the security features offered by this protocol. As a result, we will then 
evaluate its resistance to some attacks. Finally, we will make a comparison with some 
protocols of the state of the art. 

Our LESDTP protocol provides the following security features: data integrity, source 
node authentication, data confidentiality, data freshness. It also provides resistance to 
some attacks like that listening, sniffing, sinkhole and sybil attacks [1, 2]. 

12.4.1.1. Data Integrity and Source Node Authentication 

The computed Message Authentication Code (MAC), combined with the encryption of 
data sent by the issuer, helps in ensuring the data integrity and source authentication. 
When an attacker attempts to corrupt data, the cluster heads or the base station will detect 
it, since the MAC is calculated upon data reception. If the MACs are identical, then data 
integrity is correct and the source is genuine. Otherwise, the sending node will be 
considered as compromised. 

12.4.1.2. Data Confidentiality 

All communications inside any cluster and also between any CH and the BS are encrypted. 
This approach ensures the data confidentiality. Moreover, keys renewal and keys 
revocation processes in the event of a compromised node will help in maintaining its high 
level of security. 

12.4.1.3. Data Freshness 

In order to ensure data freshness security feature, clock nodes are synchronized and then 
sent messages are stamped with the sender’s date and time. A time counter is also added 
to the packet, and keys are regenerated periodically in order to avoid replay attacks. 
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12.4.2. LESDTP’s Resistance to Attacks 

Given its inherent properties, LESDTP protocol also gives good resistance to the 
following attacks: 

 Listening or sniffing attacks [1, 2]: In autoconfigurable wireless networks, an 
attacker could usually listen to communications and eventually intercept packets 
exchanged between a regular node and its cluster head (CH) or between a CH and the 
base station (BS). However, in our case, it would not be possible to recover the contents 
because of the encryption of all data during the communications. Here again, the fact 
that the keys are regenerated periodically helps in maintaining a good level of security 
by countering cryptanalysis attacks like ciphertext-only attack, known-plaintext attack, 
chosen-plaintext attack, or chosen-ciphertext attack. 

 Sinkhole attack [1, 2]: Using symmetric keys and a MAC assigned to each data in 
order to fully authenticate the transmitters offers to LESDTP the protection feature 
related to this kind of attack. Moreover, the clustering process and communications 
inside each cluster are encrypted with keys, which are periodically changed. So, it 
would be very difficult for a malicious node to achieve a sinkhole attack in this 
network. 

 Sybil attack [1, 2]: In Sybil attack, the attacker bypasses the reputation system by 
creating a large amount of malicious identities and using them to have a 
disproportionate influence. Node identification and the use of unique shared secret key 
for peer to peer communications are some of LESDTP properties allowing to establish 
secure communication links in order to fight against this kind of attack. 

12.4.3. LESDTP Performance Analysis 

12.4.3.1. Attacker Model 

We consider an attacker who is in the neighborhood of clusters and whose purpose is to 
intercept the messages in order to retrieve required information to enter the network. This 
attacker would also like to modify exchanged data in the network and to attempt adding 
malicious nodes in order to disrupt communications and network proper functioning. 

12.4.3.2. LESDTP Analysis Relatively to This Attacker Model 

Since all messages sent over the network are coupled with a MAC, if the attacker manages 
to intercept a message and tries to tamper with or delete it, the CH will be able to detect 
this by recalculating the MAC and comparing it with the one received with the message. 
Thus our attacker will not succeed in altering data. 
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If the attacker compromises a regular node, he will not be able to communicate with the 
CH. A secure link will not be established between the malicious node and the CH because 
it ignores the required shared secret key for the communication. 

If the attacker captures a node, he will not be able to extract the data stored in the node's 
memory. One of the LESDTP properties is the storage encryption which would help in 
preventing the attacker from recovering the cryptographic information (key, encryption 
algorithm, etc.). 

If an attacker compromises a CH, it is not sure that the comprised CH will still remain 
cluster head at another date because LESDTP uses a dynamic cluster formation protocol 
in which the CHs are selected in a rotating manner. 

As we can see, LESDTP resists perfectly to the defined attacker model since it ensures 
confidentiality and data integrity as well as source node authentication. 

12.4.4. LESDTP Comparison with Some Protocols of the State of the Art 

In this section, LESDTP is compared with some deterministic random key pre-distribution 
schemes. 

PIKE [34] (Peer Intermediaries for Key Establishment) is a protocol which minimizes key 
storage in node memory before deployment. PIKE proposes using the regular network 
nodes as trusted intermediaries instead of the base station. This is proposed in order not 
to exhaust the node resources near the base station. However, this solution could have a 
disadvantage, because if the trusted intermediate nodes between A and B are captured, 
then A will neither be able to share a secret key with B, nor to establish a secure  
link with B. 

Liu et al. [35] have proposed a similar approach to Chan and Perrig [34] because it also 
uses logic grids. However, their work is based on the known location of deployed nodes 
to form clusters. 

The comparison is summarized in the Table 12.4. We can notice that LESDTP offers the 
most effective resistance to attacks. All nodes in the network are authenticated and data 
integrity is ensured. It is also more energy efficient and more scalable. 

12.5. Conclusion and Future Works 

Security needs related to autoconfigurable networks such as wireless sensor networks 
differ from one application domain to another and still remain to this day, a true challenge 
both in theoretical and practical aspects. Without any security feature, the use of 
autoconfigurable wireless networks in any field of application would have undesirable 
consequences. Sharing secure data involves establishing and distributing keys to encrypt 
messages and authenticate sources nodes. We have studied several key management 
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protocols. We have been particularly interested in deterministic protocols based on 
symmetric cryptography and with keys pre-distribution. Then, we have proposed a new 
protocol (LESDTP) that ensures and maintains communications security while 
minimizing energy consumption over the network and provides security features. 

Table 12.4. Comparative table of LESDTP with some deterministic pre-distribution  
key schemes. 
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In addition, since node mobility is an important property for some autoconfigurable 
wireless network applications, we will be interested in future work to produce a revised 
version of LESDTP that takes into account this feature. We will also propose simulation 
scenarios to implement a comparative study of the revised version of LESDTP supporting 
node mobility with some studied protocols. This will validate and confirm the results 
outlined in this chapter. 
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A 

A/D conversion, 226, 227, 231, 240, 241, 
243, 247, 248, 263 

AA. See Arachidonic 
absolute humidity, 140, 141 
absorbance, 108, 117, 172, 175 

analytical signal, 172 
dark signal, 172 
reference signal, 172 

accelerometers, 69 
accousto-optic modulators, 74 
Accuracy of Axle Load Sensors. See Axle 

Load Sensors 
Acetone, 129 
Acid, 125, 126, 128, 129 

8-Hydroxyoctanoic 8-HOA, 125-129, 
131, 133, 134 

arachidonic, 125, 126 
carboxylic, 129 
Dihomo-gamma-linolenic DGLA, 126 
Hydrochloric acid, HCL, 128 
hydrofluoric, HF, 128 
linoleic, 125 
omega-3, fatty, 125, 126 
omega-6, fatty, 125, 126 
polyunsaturated, fatty, 125 

acoustic humidity, 156 
Acoustic sensor, 141 
Adsorption, 129 
Allan deviation, 82 
ammonia, 106, 110 
    NH3, 129 
Ammonium hydrofluoride, NH4HF2, 128 
Analyte, molecules, 129, 131 
analytical methods, 165, 166, 168 

FIA (Fluid Injection Analysis), 165 
angular velocity sensors, 69 
Angular-Random-Walk, 70, 81 
angular-rate resolution, 75 
Angular-Velocity-Tracking-Loop, 81 
Anti-cancer, 125 
Assmann Psychrometer, 145 
asymmetric cryptographic systems, 267 

attitude and orbit control systems, 69 
auto-calibration, 253-255, 257, 263 
autoconfigurable network, 265, 266, 278, 

284, 286, 288 
Axle Load Sensors, 52, 55 

Accuracy, 53 
Capacitive, 61 
Fiber Optic, 62 
Polymer, 56 
Principle of operation, 52 
Quartz, 57 
Strain Gauge, 59 

B 

back-reflection-induced error, 80 
Band-gap, 129, 130 
bandwidth, 230, 235, 239 
Bidirectional flow, 44 
black body, 184-188, 192 
boiling temperature, 96 
Bragg grating, 86 

C 

Calcium-Fluoride (CaF2), 88 
calibration, 197-202, 204-206, 208-210, 

212, 213, 215-222 
    curves, 175 
    points, 254-257 
capacitive polymer sensor, 141, 147 
capture, compare and PWM, 226 
carbon  
    dioxide, 106, 107 
    monoxide, CO, 129 
cavity, 71 
CBC-MAC, 272 
CBKE, 274 
certificate authority, 267, 274 
CFIA 

first generation, 30 
second generation, 36 
three-stage, 36 
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topology, 29 
Charge transfer, 129, 130, 134 
chemical processes, 165 

concentrations of metals, 165 
contaminating compounds, 165 
method to obtain zinc, 165 
purification phases, 165 

    reagents, 171 
    sensing, 96, 97 
Chemiresistors. See Chemiresistive 
Chemotherapy, 126 
cholesterol, 96, 113, 115 
Chopping, 29, 32, 36, 40 
class-AB, 36 

output stage, 36 
close range photogrammetry 

indoor photogrammetric, 220, 221 
close range photogrammetry, 212 
clustering, 265, 266, 277, 279, 280, 284, 

286 
CMOS MEMS 

first generation chip, 27 
second generation chip, 35 

CMOS-MEMS 
characterization, 34 
chip layout, 31 
flow sensor, 19 

computational overload, 263 
Condensation, 143 
Contra-Phase-Modulation, 81 
control points, 200, 203, 209, 211, 212, 218, 

219, 220 
conventional cameras, 197 
conversion  
    resolution, 248, 253 
    time, 228, 229, 231, 232, 234, 235 
coordinate systems, 201, 202, 203 
Coriolis  
    flow meter, 20 
    force, 20 
coulometric, 148 
    sensor, 141, 149 
cryptography, 265, 266, 274, 278 
Crystallinity, 130 
curve fitting, 242 
Cyclooxygenase COX, 126 

D 

data transmission, 265, 277, 278, 281, 283 

deadband, 251 
Degradation, 129 
Delta-5-desaturase D5D, 126 
Desorption, 129 
detection limit, 98-100, 103, 105, 111, 113-

115 
Dew point, 140, 142, 143, 155 
    Hygrometer, 141 
digital signal processor, 76, 226 
directional coupler, 74 
discrete PWM, 227 
DNA, 96, 97, 113 
Dopants, 129 
double phase modulation, 75 
dry thermometer, 145 
duty-cycle, 227 

E 

ECMQV, 273, 274 
Eicosanoids, 125 
electrochemical sensing, 99, 100 
Electron-hole pair, 134 
emissivity factor, 184, 187 
end of the conversion, 228, 231, 233 
energy efficiency, 179, 180, 183 
Enhanced-Differential-Detection-

Technique, 82 
environmental problems, 165 
enzyme, 96, 97, 113-117 
equipment, 180, 182, 183, 186 
error, 206, 210-213, 221 

error ellipses, 211, 212 
establishment of keys, 266 
Ethanol, 128 

F 

Faraday’s law, 148 
FDM, 166, 167, 176 

FDM process, 166 
PLA, 166 
PP, 166 

Fermi energy, 134 
Fiber Hygrometer, 153 
Fiber-Laser light source, 74 
Field emission scanning electron 

microscope, FE-SEM, 127, 130, 131 
Field-Programmable-Gate-Array, 76 
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fisheye cameras, 199, 205, 206, 216, 220, 
222 

Flake size, 131 
Flakes. See Flake size 
Flow meter 

orifice, 22 
venturi tube, 23 

Flow meters 
coriolis, 20 
thermal mass, 21 
ultrasonic, 22 
vortex, 22 

Flow sensor 
mass flow based, 20 
MEMS based, 24 
velocity based, 21 

fluorescence, 101, 103, 107, 108, 117 
Fluoride-based salts, 128 

Lithium fluoride, LiF, 128 
Formaldehyde, 129 
Fourier Transform Infra-red Spectroscopy 

FT-IR, 128, 130-132 
Free radical, 126 
Free-Spectral-Range, 84 
Frost point, 140 
Full-Width-at-Half-Maximum, 84 
Functionalization. See Surface 

functionalization 

G 

Gas, 139, 140, 143, 147 
    flow, 142, 143, 147 
glucose, 113, 115, 116 
Gold 

Au electrodes, 128 
green solvent, 96 
gyro rotation-rate, 82 
gyro-on-a-chip, 73, 87 
gyroscopes, 69 

H 

hair hygrometer, 154 
Heater Control Circuit, 25 
hexafluorophosphate, 95, 98, 99, 103, 113, 

114 
Hot Isostatic Pressing, 128 
Humidity, 139-142, 151, 158, 160 
    Indicator, 158 

hybrid integration, 72 
Hybrid-Double-Phase-Modulation, 76 
hydrodynamic system, 166, 168, 171-173, 

176 
Hydrogen evolution reaction, 134 
hydrogen gas, 108, 109 
Hydrograph, 153 
Hydrothermal, 127 
hygroscopic, 147 

I 

IBC, 274 
IBE, 274 
ID-NIKDS, 274 
III-V semiconductors (InP), 71 
imidazolium, 98, 99, 101, 103, 105, 106, 

112, 114-116 
indicator, 141, 158, 159 
Indium Phosphide (InP), 88 
inertial measurement units, 69 
inertial-sensor systems, 69 
inflammation, 125 
Infrared hygrometer, 151 
infrared light, 151 
InP gyro-on-a-chip, 87 
InP-based waveguide ring resonator, 84 
In-Phase triangular phase modulation, 81 
in-situ analysis, 168 
instrumentation amplifier, 258 
Integer-Period-Sampling, 79 
Integrated-Optical-Resonator-Gyro, 70 
Integrated-optics Resonator, 69 
Integrated-Optics-Passive-Resonator-Gyro, 

71 
Integrated-Optics-Phase-Modulator, 82 
Integrated-Optics-Resonator-Gyro, 87, 89 
interferometric fiber optic gyro, 69, 70 
interpolation methods, 261 
Invensense, 28 
ion sensing, 100, 101 
ionic liquid, 95, 99, 113 
Irradiation. See UV 
issuance, 266 

J 

Junctions, 133 
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K 

Kerr-effect, 75, 76, 82 
key management, 266, 272, 275-277, 279, 

288 

L 

L2RP, 278, 280 
ladybug sensor, 198 

Ladybug2, 197, 199-201, 205, 206, 208-
210, 214, 216-218, 220, 221 

Laser, 133 
laser scanning, 201, 210, 212, 220-222 

LiDAR, 198 
Laser-Frequency-Locking-Loop, 81 
laser-locking-frequency-driving signal 

noise, 82 
LC/MS. See Liquid Chromatography/Mass 

spectroscopy 
LEAP, 272, 276 
LESDTP, 266, 277-279, 284-288 
LiCl, 143, 144 
Light, wavelength, 134 
light-intensity fluctuations, 77 
linearization, 248-251, 258, 260, 263 
Liquid Chromatography/Mass 

spectroscopy, 126 
listening, 285, 286 
Lithium Chloride, 144 
Lithium-chloride sensor, 141 
LMSE, 247, 255, 257 
Load Sensors. See Axle Load Sensors 
Lock-in-Amplifiers, 74 
lookuptables, 250 
LQI, 280 
LQI-DCPSec, 280 

M 

MANETs, 266 
MAX phase, 127, 128, 131 
MDFV, 42-45 
measurement 

angle, 197, 199, 206, 210, 211 
CMOS readout chip, 39 
distance, 205-207, 210-212 

MEMS, 160, 161 
    technology, 69 

Metal  
    oxide semiconductors, MOS, 129 
    oxide Sensor, 141 
    Sensing, 97 
Metal-Organic Vapour-Phase-Epitaxy, 85 
Metastasis, 125 
Methanol, 129 
Micro balance devices, 141 
microcontroller, 226, 243, 248, 254 
microfluidic, 166-169, 176 

micromixer, 166 
Z-type detection cell, 166 

microinjection process, 168 
multicommutation techniques, 168 

micromachining, 226 
miniaturization, 165, 168 
Mixing ratio, 140 
monitoring systems, 165 
More than Moore, 19 
Morphology, 128, 130 
MXene, 125-128, 130-134 
MXenes, 126-128, 130, 133, 134 

Ti3C2, 127, 128, 130-134 
V4C3, 127, 130, 134 

N 

Nanocomposite, 125, See Nanomaterial 
Nanomaterial, 126 
nanoparticle, 99, 101, 103, 108, 115, 127 
Nanostructured Measurement Device, 160 
Nested Miller Compensation, 38 
non-central cameras, 197 
non-linear, 248-251, 252, 255, 258, 260, 

263 
nonlinear index, 88 
number  
    of bits, 229, 232, 234-237 
    of pulses counting, 226, 231 

O 

omnidirectional cameras, 197, 199, 205 
Multi camera systems, 197, 198 

one Silica planar circuit, 74 
on-line process, 168 
operation parameters of LED, 169 

Direct bias voltage, 169 
Directivity, 169 
Efficiency, 169 
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electric current, 169 
Line width, 169 
Power dissipation, 169 
Response time, 169 
Reverse current, 169 

Optical  
    bandwidth BW, 170 
    fiber device, 151 
    gyroscopes, 69 
    hygrometer, 141 
    methods, 165 

    Spectrophotometry, 165 
    power amplitude, 71 
    power consumption, 72 
    system, 70, 166, 168, 171-173, 176 

    detection module, 166 
    radiation source, 166 

organic solvent, 96, 104 
orientation, 199, 200, 204-208, 215, 218 
oxygen gas, 106 

P 

panoramic cameras, 202, 220-222 
field of view, 198, 206 

Parasitic Optical Noises, 74 
parts per million, 140 
passive  
    resonator, 69 
    ring resonator, 71 
PBC, 274 
PCB 

CMOS chip, 32 
combined test, 34 

Peaks. See XRD 
Peltier element, 142 
phase  
    difference traversal, 80 
    modulation, 74 
phase-modulation method, 80 
phosphorous pentoxide, 148 
Photoacoustic, 157 
Photocatalyst, 134 
Photocatalytic activity. See Photocatalyst 
Photoconductivity, 129, 130 
photodetector, 86 
photo-detector, 71, 74 
Photonic-Crystal, 87 
piezoelectric, 156 
PIKE, 269, 276, 287 

PKI, 267, 273, 274, 277 
PKKE, 273, 274 
Planck's constant, 71 
polarization controllers, 74 
Polarization-Extinction-Ratio, 77 
Pole 

non dominant, 30 
polymer, 96, 99, 101, 105, 106, 117 
Potassium hydrofluoride, KHF2, 128 
pre-distribution, 266, 277-279, 288 
pressure, 140 
projection system, 214 

equidistant, 205, 206, 215 
equisolid, 206 
orthographic, 206 
Stereographic, 206 

propagation losses, 88 
Prostaglandin E2. See Eicosanoids 
protein, 96, 97, 113, 114, 117 
Psychrometer, 141, 145 
pulse width modulated, 226 
PWM, 247, 248, 250, 253, 255, 257, 260, 

262, 263 
pyrometer, 184-190, 192-194 

Q 

Q-factor, 71, 86 
quantization error, 232, 236, 237, 239, 242, 

243 
quantization step, 229, 232, 233, 236, 253 
quantum efficiency, 71 

R 

radiant flow, 170, 171 
Radiotherapy, 126 
Rayleigh backscattering induced noise, 75 
Reactive-Ion-Etching, 85 
Readout Circuit 

Design considerations, 28 
readout measurement, 75 
reciprocal error, 82 
Recombination, 134 
reflective resonator, 79 
Relative humidity, 128, 140, 141, 143, 146 
renewal, 266, 269, 275, 276, 284, 285 
Resistance 

baseline, 129 
Resistive sensor, 141 
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resonance frequency measurement, 71 
resonant optical gyros, 69 
Resonant-Fiber-Optic-Gyroscopes, 70 
Resonant-Micro-Optical-Gyro, 87 
Resonant-Micro-Optical-Gyros, 87 
Resonant-Micro-Optic-Gyro, 70 
Resonator-Fiber-Optic-Gyro, 70 
Resonator-Microoptic-Optical-Gyro, 70 
revocation, 266, 269, 275, 276, 284, 285 
RGB microanalyzer, 166, 167, 171-173, 

176 
rientation 

internal, external, 200, 220-222 
ring resonators, 72 
ripple, 229, 230, 233 
room design, 201 

network, 210-212, 220 
routing, 265, 278, 280 
RSA, 265 

S 

S&H, 225, 236-243 
Sagnac effect, 69, 71, 76 
saturated salt, 144 
Saturated water vapor, 140 
SAW Device, 141 
security, 284, 285, 288 
Security, 265 
Semi-conductor, 129 
semiconductor ring lasers, 69 
Semiconductor-Optical-Amplifiers, 72 
Semiconductor-Ring-Laser-Gyro, 87 
sensitivity, 23, 26, 27, 42, 44, 45 
Sensitivity, 19, 34, 133 
sensor, 125, 265, 271, 277, 284, 288 

chemiresistive, 125, 129 
sensors, 197-199, 209 

CCD, 209 
image, 197, 200, 202-207, 209, 214, 215, 

217, 218, 220, 221 
visual, 198, 199 

Signal to noise ratio, SNR, 130, 131 
Signal-to-Noise-Ratio, 77 
Silica-on-silicon, 71, 72, 88 
    resonators, 87 
    ring resonator, 72 
Silica-waveguide resonator optic gyro, 75 
Silica-waveguide Resonator-Microoptic-

Gyro, 79 

Silica-waveguide ring resonator, 79 
    length, 75 
silicon on insulator, 88 
Silicon-Nitride (Si3N4), 71, 88 
Silicon-on-Insulator, 71 
Simulations 

PSS, 32, 33 
sinkhole, 285 
Sinkhole attack, 286 
SKKE, 273, 274 
smart  
    house, 182, 183 
    sensor, 247, 248 
    transducers, 226 
sniffing, 285 
    attacks, 286 
Sodium hydrofluoride, NaHF2, 128 
Sonificationcan, 130 
Spark plasma sintering, 128 
Specific humidity, 155 
spectroscopy, 97, 101, 103, 105, 113, 114 
spectrum, 185 
SPINS, 271, 276 
spiral resonator, 84 
square root extractors, 248 
stereo photogrammetrical, 214, 222 

stereo vision, 197, 199, 205 
Sulphur dioxide, SO2, 129 
Surface  
    acoustic wave, 144 
    functionalization, 128, 130, 132 
Surgery, 126 
sybil, 285 
    attack, 286 
symmetric  
    cryptographic systems, 267 
    cryptography, 288 

T 

TDMA, 280 
temperature, 140, 146, 154, 179, 182, 184-

195 
temperature sensor, 142 
tetrafluoroborate, 95, 98, 112 
thermal radiation, 184, 187 
thermistor, 248, 258-260, 263 
Thermodynamic, 139, 140 
Thermo-resistive Micro Calorimetric Flow, 

24 
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three signal technique, 253 
Ti3AlC2, 128, See MAX phase 
Tilted-Waveguide-Grating, 77 
time constant, 229-233, 236, 237 
Tin oxide, SnO2, 129 
TinyPBC, 276 
TiO2, 125, 127-134 
Titanium  
    hydride, TiH2, 127 
    IV oxide, TiO2. See TiO2 
Trace humidity, 141 
transducer characteristics, 251 
transformation, 202, 203, 205, 207, 208, 

214, 216, 217, 221 
transmissive resonator optic gyro, 79 
trapezoidal phase modulation method, 79 
triangular phase-modulation, 82 
Tunable Diode Laser, 151 
Tungsten oxide, WO3, 129 

U 

Ultraviolet, UV, 128, 129, 133, 134 
urea, 96, 113, 116 
UV photolithography, 85 

V 

vacuum wavelength of light, 71 
Vapor generator, 128 
Vehicle Weighing. See Weigh-in-Motion 
Vehicle Weighing Accuracy. See Axle Load 

Sensors 
Vehicle Weighing Error. See Axle Load 

Sensors 
velocity distribution of concentrations, 167 
volatile, 96, 106, 110-112 

voltage range, 249, 251, 253, 254 

W 

water vapor, 139-141, 144, 145, 148, 151, 
152, 154, 156, 158 

wavelength, 184, 185, 187, 188, 191 
Weigh-in-Motion, 49 

Bridge WIM, 50 
High – Speed WIM, 50 
Low – Speed WIM, 50 
Multi-Sensor WIM, 50 
On-Board WIM, 50 

Weigh-in-Motion Sensors. See Axle Load 
Sensors 

wet bulb thermometer, 145, 146 
wet-bulb temperature, 140 
Wheatstone bridge, 24, 25, 27, 28, 43 
WIM. See Weigh-in-Motion 
wireless, 227 
    communication, 166, 171 
WSN, 265-267, 272, 274, 276, 277 

X 

X-ray diffraction, XRD, 128, 130, 131 
X-ray fluorescence, 162 

Z 

ZigBee, 273 
Zinc oxide, ZnO, 129 
Zirconium Oxide  
    Devices, 154 
    sensor, 141 
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