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ABSTRACT 

This study undertook the development and testing of fibre optic coupled infrared 

thermometers (IRTs) that could substitute for thermocouples in harsh conditions that 

would affect contact temperature measurements deleteriously. The IRTs have been 

configured without photodiode cooling and signal chopping but achieved low 

minimum measurable temperatures, fast responses and good sensitivities. IRTs were 

configured with mid-wave infrared (MWIR) and short-wave infrared (SWIR) 

photodiodes, to measure over different temperature ranges. The thermometers had 

small footprints, therefore could be installed into constrained spaces and not cause 

interference with the process. The MWIR thermometers were substituted for 

thermocouples in high temperature conditions in end milling tool temperature 

measurements and reactive electrochemical conditions in Lithium-ion cell temperature 

measurements. The conditions into which the fibre optics were embedded would lead 

to inaccurate measurements from thermocouples, whereas the fibre optic and remotely 

positioned IRT offered immunity against these errors. 

Calibration drift is a major problem that afflicts thermocouple temperature 

measurements. There has been progress towards addressing this weakness with 

improved thermocouples. The SWIR thermometer used a zero drift operational 

amplifier to minimise offset voltage, drift and noise. The IRT was coupled to a sapphire 

fibre optic probe that had tin deposited onto the core to form an integral fixed point 

temperature calibration cell. This low drift IRT provided an increment towards 

creating a drift-free, self-calibrating IRT that would substitute for thermocouples with 

integral calibration capabilities. 

The feasibility of substituting thermocouples with embedded fibre optics coupled to 

IRTs has been demonstrated and potential improvements of these thermometers have 

been identified. 
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NOMENCLATURE, ABBREVIATIONS, DEFINITIONS AND 

ACRONYMS USED WITHIN THIS THESIS 

 

APD Avalanche Photodiode 

°C degrees Celsius 

Bias voltage The voltage applied across a diode junction to reduce or increase length of 

the depletion region between the p and n type semiconductor materials 

DIP Dual Inline Package 

DMM Digital Multi-Meter 

FOV Field of View 

InAs Indium Arsenide semiconductor alloy sued to manufacture infrared photodiodes 

InAsSb Indium Arsenide Antimony semiconductor alloy used to manufacture infrared 

photodiodes 

InGaAs Indium Gallium Arsenide semiconductor alloy used to manufacture infrared 

photodiodes 

Indium Fluoride, InF3 Principal material from which InF3 glass fibre optic cables are 

manufactured 

IR Infrared Radiation 

IRT Infrared Radiation Thermometer 

ISOTECH Isothermal Technology Limited, Skelmersdale, Lancashire, UK 

K Kelvin 

Keysight Technologies Malaysia, Penang, Malaysia 

Ln or ln Natural logarithm (loge) 

log or log10 Logarithm to base 10 
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LT, Linear Technology Incorporated Linear Technology Incorporated, California, US 

Microns 10-6m, μm 

MWIR Medium Wavelength Infrared Radiation; nominally 3-8 μm wavelength 

radiation 

Noise Limited Equivalent Temperature Resolution The minimum temperature that can be 

measured for which the signal to noise ratio is unity 

Op-amp Operational amplifier integrated circuit 

PCB Printed Circuit Board 

PV Photovoltaic operation mode of a photodiode for which no deliberate bias voltage 

is applied across the p-n junction 

Rf feedback resistance 

R-C Resistor-Capacitor network in the feedback loop around the inverting input of an 

operational amplifier and specifically the transimpedance amplifier in the infrared 

thermometer circuit. 

SEDI-ATI Fibre optic manufacturer and distributor SEDI-ATI Fibrés-Optiques, 

Courcouronnes, France 

SMA905 Sub-Miniature type A. The specific variant of through-ferrule type screw 

connector used for connecting the infrared fibre optics to photodiode mounts 

SMD Surface Mount Device 

SNR Signal to Noise Ratio 

TI, Texas Instruments Texas Instruments Incorporated, New York, USA 

TIA Transimpedance Amplifier 

V Volts 

Vo Output Voltage (used in reference to the output of the transimpedance amplifier in 

the thermometer circuit) 

ZBLAN fibre optic Principally Zirconium Fluoride used for manufacturing fluoride glass 

infrared transmitting fibre optics and typically comprising the following molar 

proportions of metallic fluorides: 53% ZrF4 20% BaF2 5% LaF3 4% AlF3 20% NaF  
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1 INTRODUCTION 

Reliable temperature measurements are fundamental to understanding and controlling 

processes in many manufacturing industries, thereby enabling improvements to 

processes and products to be attained [1]–[3]. Examples of the types of improvements 

that can be achieved by measuring and controlling temperatures to narrower ranges of 

uncertainty include: reduced specific energy consumption, reduced waste and by-

products generated, optimised production scheduling, improved product quality with 

fewer defects and lower rates of rejection of finished items and improved tolerances to 

design characteristics (dimensions, properties, material microstructure etcetera) [1]–[7]. 

Improvement of temperature measurement underlies achieving precise control of the 

parameters above, along with many others in manufacturing. Temperature 

measurement improvements required include increasingly accurate and repeatable 

measurements with low magnitudes of uncertainties attributable to the measurement 

technology. The variation of metal properties with temperature-induced changes in 

microstructure illustrates the benefits of improved temperature control in 

manufacturing processes. A variation of ±10 °C in temperature achieved during 

annealing of austenitic stainless steel would lead to grain size variations of ±5 μm and 

consequent variability of several MegaPascals in the yield stress to failure of the metal. 

Manufactured components that have undergone further machining processes, 

following formation of the base material within a foundation industry have further 

value added that is reflected in the costs of production. High volume and rapid 

manufacturing, as practised in many industries, requires the deployment of precise 
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and fast measurement and control systems to optimise productivity and efficiency, 

thereby minimising losses and defects. Typically, reductions of productivity losses 

owing to defects and energy consumption reductions of a few percentage points will 

translate to cost reductions of many millions of pounds for high productivity 

manufacturing. As an example of the impact that improved measurement and control 

may have: a 0.125% reduction in the number of defects in one specific process, by 

improvement of temperature control, led to a cost improvement of £1.5m per annum. 

Temperature measurements for control of manufacturing processes are acquired by 

industrial thermometers that typically would be selected from: thermocouples, 

platinum resistance thermometers, thermistors, acoustic pyrometers, optical 

pyrometers and infrared radiation thermometers (IRTs). The selection of the most 

suitable thermometer and system configuration is dependent upon the application and 

measuring capability required. Thermocouples and IRTs have been used most often as 

industrial thermometers, owing to the limitations of the other devices [8]–[10] and the 

advantages that these two thermometers afford [9], [10]. Limitations of resistance 

thermometers and thermistors include: the maximum temperatures to which the 

devices may be exposed being typically less than 500 °C and often less than 100 °C; the 

invasive nature of the measurement devices upon the temperature field being 

measured; non-linearity of device response with temperature and lack of sensitivity to 

afford precision measurements of small temperature changes. Further techniques are 

more suitable for specific conditions, for example: acoustic pyrometry can be used to 

measure fluid temperatures but would incur errors arising from the intermediate air, 

gas or fluid if used remotely. 

The output signal from a detector or thermometer is an analogue of the temperature to 

which it is exposed and this output signal is interpreted by electronic circuits that 

characterise it as a specific temperature, according to a calibration. The electronic 

analogue of the temperature measured is transmitted to a controller, affording its use 

in controlling the temperature of the manufacturing process or product. 

Achieving repeatable, accurate and sensitive temperature measurements underlies 

many improvements that could be achieved but becomes increasingly difficult under 

harsh process conditions, for example: conditions in which high temperatures, 
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chemical reactions, thermo-fluid interactions, mechanical abrasion and contamination 

of the thermometer can occur. Each of these problems could affect the measurement, 

particularly if the thermometer used is susceptible to change resulting from the 

conditions into which it is deployed [3], [5], [11]. Sub-optimal measurements have been 

used to control processes, often owing to the limitations of the thermometers, for 

example: measurement of process temperature rather than measurement of product 

temperature directly [3]. Improvement of manufacturing temperature measurements, 

with readily deployable thermometers that measure ‘better’ (more accurately, faster, 

with higher sensitivity) than the typical configuration, would benefit manufacturing. 

Thermocouple temperature measurements are affected by calibration drift and 

irreversible hysteresis of the thermometer output with ageing and exposure to harsh 

process conditions [12]–[14]. Maintaining valid measurements of industrial process 

temperatures and product temperatures during manufacturing requires that frequent 

calibration checks, re-calibration and replacement of thermometers are undertaken. 

The process typically has to incur an outage, with consequent loss of productivity, to 

allow assessment or correction of thermocouples. Thermocouples have been 

configured with integral fixed point temperature calibration cells [15]–[17] which 

would allow in-operando assessment of thermocouple calibration. These developments 

offer some scope to overcome the ageing-related drift of thermocouples but may not 

address the detriment of thermoelectric stability caused by exposure to harsh 

conditions. The scope exists to substitute infrared thermometers with integral fixed 

point temperature calibration cells for thermocouples, thereby obviating the problems 

caused by harsh measurement conditions. 

The term thermometer, used within this work, included: the coupling between the 

object to be measured and detector, the detector and signal conditioning that generates 

a measurable output signal. Ideally, thermometers could be deployed without having 

the depth of knowledge required presently to achieve good temperature measurements 

using available technologies [5]. 

Thermocouples are amongst the simplest thermometers used and comprise: junctions 

of dissimilar metal wires that form the sensing element, insulation between the wires 

and a protective sheath that prevents the metal wires from being affected by the 
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material or fluid conditions into which the thermocouple assembly has been inserted. 

The temperature difference arising between the sensing junction and the output 

terminals of the thermocouple generates an electromotive force (emf) that varies in 

characteristic and reproducible ways. The thermo-electric generation of emf is known 

as the Seebeck effect, named after the Baltic scientist Thomas Seebeck, who observed 

the relationship between magnetic and thermal effects occurring in dissimilar metals 

around 1822 (or sometimes the Seebeck-Peltier effect, to include the reverse effect, 

thermo-electric cooling). For a few, specific combinations of metals, the emf derived 

has sufficient sensitivity, linearity and magnitude to generate a useful signal and these 

have become the standard types of thermocouples, that have reproducible 

characteristics [18]. Development has afforded improved properties and led to 

thermocouples becoming ubiquitous for industrial temperature measurement. 

The effect of infrared radiation heating the bulb of a mercury thermometer has been 

known to exist since white light was first dispersed into its spectral components and 

the temperature rise caused by each colour measured by Herschel in the early 

nineteenth century. Arguably knowledge of the existence of infrared radiation could be 

defined earlier, with the invention of the thermoscope by Galileo. Theories developed 

and experiments undertaken subsequently have refined the scientific understanding of 

infrared radiation and engineering development has improved the capability to 

measure the temperature of an object from its radiation. With the advent of integrated 

circuits and new semiconductor alloy detectors, the pace of development of 

temperature measurement technologies accelerated through the second half of the 

twentieth century and into the twenty-first century. Modern radiometric infrared 

thermometers achieve high accuracies, sensitivities and robust implementation at 

relatively low cost. The last three or four decades have witnessed smaller and lighter 

thermometers, with the implementation of devices using uncooled or thermo-

electrically cooled array detectors in hand-held packages rather than the cumbersome 

and bulky units that required cryogenic cooling of previous generations [19].  It is 

possible to buy ergonomically designed thermometers at low cost that afford 

representative surface temperature measurements to be acquired for domestic or 

industrial equipment monitoring. Often the thermometers use so-called thermal 

detectors, that respond to a broad range of infrared radiation wavelengths, the total 



 

     5 

heat incident upon them and absorbed into the sensor then induces a change in the 

electrical properties of the material in response. Typically, bolometers that undergo a 

change of electrical resistance upon exposure to radiation are used in these hand-held, 

domestic or medical thermometers. Thermal detectors afford simple, low-cost devices 

to be constructed but incur compromises of speed, accuracy and do not necessarily 

provide the radiometric measurement that would be expected of more expensive, 

scientific and industrial thermometers [19], [20]. Low cost, domestic thermometers are 

not suitable for more demanding applications, for example: the acquisition of reliable 

and accurate industrial temperature measurements, measurements from regions 

incurring harsh conditions or transient temperature measurements. 

Development of robust and radiometric infrared thermometers remains the target of 

the more specialised industrial detector manufacturers and research organisations that 

require devices with calibrated measurement capabilities. The Sensor Systems Group 

within the Advanced Detector Centre at The University of Sheffield, Electronic and 

Electrical Engineering Department, specialise in developing novel temperature 

measurement systems and undertaking the metrology that underlies these systems. 

1.1 Industrial Temperature Measurement 

The ‘de facto’ standard approach for acquiring industrial temperature measurements 

in manufacturing processes has been to deploy standard type thermocouples, owing 

to: their ease of use, low cost, range of measurement afforded and ready availability of 

systems to interpret and transmit the temperature signal [3], [10], [21]–[28]. Whilst 

thermocouples are simple to deploy, achieving measurements that are valid, accurate 

and sensitive is difficult and costly, owing to a number of weaknesses that make them 

susceptible to error and require careful installation [21], [29]. 

Using thermocouples becomes increasingly problematic when undertaking 

measurements under harsh conditions that exacerbate the inherent weaknesses of the 

thermocouple detector [18]. The principal weaknesses of thermocouples are: the 

requirement for invasive contact with the object being measured; low sensitivity to 

changes and poor dynamic response; chemical reactivity of the metals; calibration drift, 

particularly at high temperatures and accuracy limitations. These limitations have been 
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ameliorated for many applications by adopting standard methods of deployment that 

achieve reliable measurements in specific scenarios [9], [30]. 

A thermocouple can only measure the temperature from surfaces immediately around 

it that are able to radiate to the sensing junction and of the fluid or material that it 

contacts and transfers heat into the sensing junction [31]. An individual thermocouple 

cannot measure temperature distribution but measures a mean value from the 

combination of the radiative, convective and conductive heat transfer arising from the 

conditions locally to the sensing junction. The intrusive and contact nature of 

thermocouples introduces measurement errors. The introduction of a contact probe of 

any sort into a process always interferes with both the measurement of the temperature 

and the process itself and can cause errors that invalidate the measurement [31], [32]. 

An example of such discrepancies is the measurement of a fluid stream temperature 

with a thermocouple, which would incur additional heating from stagnation of the 

fluid and present disruption of the flow stream by the thermocouple assembly [31], 

[33]. A ‘suction pyrometer’ mitigates the error from impingement heating of the 

sensing junction but introduces the potential for the fluid sample extracted to have a 

different temperature to the bulk flow [20].  

Research work has been expended to develop alternative temperature measurement 

detectors, including various acoustic, optical, electrical, spectroscopic and infrared 

devices [8], [21]. IRTs have been the most widely used general temperature 

measurement detectors of all of the techniques developed to substitute for the 

ubiquitous thermocouple. The other technologies have limited use and only work for 

specialised applications, for example: gas temperature measurement by acoustic 

thermometry or radiation absorption spectroscopy [3] and thermally-induced strain by 

fibre Bragg grating sensors [34]. 

Opportunities exist to improve measurement of temperatures from objects subjected to 

harsh conditions by substituting for thermocouples with inert fibre optics that transmit 

infrared radiation to a thermometer positioned remotely from the measured object [10], 

[35]. Such a system would enable fast and reliable measurements of temperatures to be 

acquired and used in process control [3], [5], [28]. 
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Using infrared thermometers rather than thermocouples eliminates many of the 

problems associated with invasive thermometers and particularly those associated 

with insertion or contact with the object. Infrared thermometers have installation and 

usage requirements to ensure that valid and accurate temperature measurements are 

acquired. The conditions imposed upon infrared thermometers to achieve reliable 

measurements primarily concern the effects of emissivity and geometrical ‘view’ 

factors that affect the amount of radiant energy received by the detector [36]. 

1.2 Infrared radiation thermometer configurations 

An infrared radiation thermometer (IRT) typically comprises an ‘optical’ configuration 

(lenses, windows, filters, apertures and transmission media) to couple radiation from a 

source to a photosensitive detector and an electronic circuit to interpret the detector 

response to incoming radiation as a temperature measurement [10], [37]. The detector 

typically would be a photo-thermal, thermo-electric or photo-electronic (photonic) 

type, terminology that is defined by the type of response that the detector 

demonstrates to incident infrared radiation, according to the distinctions described in 

the following definitions. Photo-thermal detectors undergo a change of electrical 

properties, typically, resistance or ionic charge that varies with the absorption of heat 

by the detector. Thermo-electric detectors generate an electromotive force with varying 

temperature absorption of heat generated by incident radiation. Photonic detectors 

generate a photo-current by the photo-electric effect from incident electromagnetic 

radiation of appropriate frequency promoting charge carriers within a semiconductor 

junction [21]. Typical modern IRTs use semiconductor alloy photo-electronic detectors, 

for example, photodiodes that respond to the spectral radiance of photons absorbed 

that promote free electrons by generating a photo-current across the diode junction. 

This photo-current is measured using a transimpedance amplifier (TIA) and the 

resultant voltage varies in relation to the intensity of radiation absorbed. 

1.2.1 Photodiode junction operation 

Photodiodes comprise p-doped (having an abundance of positive charge carriers) and 

n-doped (having an abundance of negative charge carriers) semiconductor alloys 

formed into p-n junctions, as illustrated in figure 1.1. The boundary between the n-type 
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and p-type semi-conductor forms a depletion layer, from which diffusion of the free 

electrons and holes towards the material of opposite doping becomes counterbalanced 

by an equilibrium electric field and potential difference. The photodiode had no bias 

voltage applied, thereby minimising the generation of dark current and noise whilst 

maximising the sensitivity to enable measurement of low spectral radiances expected 

to be transmitted via fibre optic coupling.  

 

Figure 1.1 Schematic illustration of photodiode p-n junction energy levels with no 

deliberate bias voltage applied 

Infrared radiation of sufficient energy that falls incident upon the detector and 

penetrates into the semi-conductor material imparts energy into the electronic 

structure by the internal photo-electric effect. This energy exchange generates 

promotion of electrons from the valence band, over the band gap to the conduction 

band in the semiconductor alloy, also leaving a vacancy in the atomic lattice and a net 

positive charge locally. The charge carriers migrate to the cathode or anode, with either 

the small intrinsic or an applied potential difference being restored to equilibrium to 

compensate for the additional charge, thereby generating a small photocurrent. The 

magnitude of the photocurrent varies with the spectral radiance absorbed, therefore, 

the quantity of electrons promoted to the conduction band [38]. 

Photodiodes used for mid-wave infrared detection can have more complicated band 

structure, including an intrinsic material (designated as i in the descriptor of the diode) 

active layer between the doped p-type and n-type contact layers, that allows the 

detector to respond to infrared radiation with higher sensitivity. These so-called p-i-n 
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photodiodes have an extensive depletion region within the intrinsic layer, into which 

the positive and negative charge carriers flood to generate a relatively large photo-

sensitive volume that enables improved efficiency of electron-hole pair generation. The 

intrinsic layer also introduces an intermediate energy level between the p-type and n-

type semi-conductor that allows the low energy imparted by mid-wave infrared 

radiation to promote electrons into the conduction band directly [39], [40]. The 

combination of the relatively large depletion region with elevated electric field within 

the intrinsic layer, direct bandgap between valence and conduction band and 

composition of the semi-conductor alloy used provides a detector with sufficient 

MWIR photo-sensitivity to be usable for infrared thermometry. 

1.2.2 Transimpedance amplifier configuration 

A schematic diagram of a typical measurement system TIA is presented in figure 1.2, 

which illustrates a photodiode that is represented as a photocurrent source in parallel 

with the shunt resistance and capacitance of the photodiode. The photodiode connects 

to the inverting input of the transimpedance amplifier that has resistor-capacitor 

network in the feedback loop and grounded non-inverting input. 
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where: 

Rf is the feedback loop resistor that defines the transimpedance 

RBias is the op-amp input offset bias balancing resistor 

RLine is the impedance matching resistor for the output connection 

Cf is the feedback loop capacitor  

Figure 1.2 Schematic diagram illustrating typical TIA configuration and small signal 

photodiode model 

Transimpedance amplifiers convert the photocurrent generated by the photodiode and 

noise present at the inverting input to an output voltage through the feedback resistor, 

achieving a magnitude that is measurable, typically of the order of milli-Volts to Volts 

for nano-Amperes to micro-Amperes of input photocurrent. 

Ideally, the operational amplifier used in the TIA presents infinite impedance to the 

photocurrent, ensuring that the small photocurrent flows through the feedback loop, 

transforming to the output voltage 

𝑉𝑜 = 𝑖𝑝ℎ 𝑥 𝑅𝑓 

where: 

Vo is the output voltage 
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iph is the photocurrent generated 

Rf is the feedback resistance 

Ideally, with no photocurrent flowing, the inverting input is held at virtual ground by 

the grounded non-inverting input balancing the differential voltage between the inputs 

via the feedback loop and the output from the amplifier would be zero. Thermally 

induced promotion of charge carriers provides a ‘dark current’ from the photodiode 

that presents a noise signal that is amplified by the TIA. Often this noise is minimised 

by cooling the detector, thereby reducing the energy imparted into the charge carriers. 

The non-ideal characteristics of the photodiode and operational amplifier present noise 

and offset that lead to an output voltage being sustained without a photocurrent 

present at the input. The shunt resistance of the photodiode allows some of the 

photocurrent to flow through the photodiode to ground, rather than being amplified 

through the TIA, therefore representing a loss of photocurrent that does not flow 

through the feedback loop and an error in the output voltage achieved. This stray 

current will vary with the shunt resistance of the photodiode, which itself varies with 

temperature. The output voltage error varies and this leads to correction being 

required or acceptance of a variable error that increases the measurement uncertainty. 

The errors or uncertainties arising from Johnson noise generated by the feedback 

resistance and leakage of the photocurrent through the shunt resistance of the 

photodiode contribute the majority of the noise and measurement uncertainty. 

Typically, the input voltage noise and input current noise of the TIA op-amps are 

specified to be of the order of nV/√Hz and fA/√Hz, contributing negligibly small 

components to the total noise and consequent measurement uncertainty in comparison 

to the feedback loop and detector. High shunt resistance photodiodes, for example 

those made from silicon junctions, allow most of the photocurrent to flow to the TIA 

and generate output voltage, therefore minimising this error. The shunt resistance of 

photodiodes varies with alloy composition and it is known that detectors that have 

sensitivity to the mid-wave infrared radiation have lower shunt resistance than 

photodiodes that respond to higher energy photons, owing to the small band-gap 

between the valence and conduction bands in the semiconductor used. 
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1.2.3 Thermometer detector and optical configuration 

IRTs exist that have used photo-thermal and thermo-electric detectors for example: 

bolometers and thermopiles, that can measure from -100 °C minimum temperature, 

receiving the total radiation captured by the optical configuration. These devices have 

an electrical property response that is measured to generate the analogue of 

temperature and do not need to be cooled or have the optical signal chopped to 

measure across a broad temperature range. These types of detectors have slow 

response speeds, low sensitivity and incur higher uncertainties than photonic 

detectors, so cannot be used readily for rapidly changing, accurate or low intensity 

measurements [41]. Faster and more sensitive measurements can be acquired using 

photonic detectors. Modern radiometric thermometers use semiconductor alloys such 

as: Indium Gallium Arsenide (InGaAs), Indium Arsenide (InAs), Indium Arsenide 

Antimony (InAsSb), Silicon and Mercury Cadmium Telluride (MCT or HgCdTe). The 

material used contributes to defining the photo-sensitivity curve of a detector to 

infrared radiation, the magnitude of photocurrent generated from incident photons 

and the electronic properties of the detector that dictate the circuit configuration used 

to measure the analogue of temperature. 

Infrared radiation thermometers overcome many of the limitations of thermocouples 

and particularly those arising from requiring contact between the detector and the 

object being measured [10], [29], [36]. Using an IRT also eliminates the problems 

related to having the detector subjected to harsh conditions and provide long-term 

stability, high signal sensitivity and immunity to electro-magnetic interference because 

the device can be positioned remotely from the surface being measured. Infrared 

thermometers have been applied to many industrial temperature measurements that 

incur harsh conditions at the object position [9], [32], [42], [43]. There is ongoing 

research to apply infrared thermometers to difficult measurement conditions, for 

which thermocouples are used in the first instance typically, such as: measuring 

machine tool surface temperatures [44]–[52], battery cell temperatures [25], [53], [54] 

and industrial furnace control [1], [3], [4], [6], [11], [28], [55], [56]. 

A number of infrared thermometers use fibre optic coupling of the infrared from the 

measured object to the detector, enabling remote positioning of the detector and 
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electronics [46], [50], [51], [57], [58]. The usage of suitable fibre optics increases the 

capital and installation costs of a thermometer compared to a thermocouple, therefore, 

a more limited range of applications exist for which these more specialised optics have 

been justified [10], [32]. 

Infrared thermometers intended for accurate temperature measurements at low signal 

intensity that would be incurred from low temperature measurements use techniques 

to improve the accuracy and stability of the measurements acquired. Typically, 

thermometers use optical chopping of the incoming radiation to provide intermittent 

dark current measurement, affording offset compensation. IRTs also use thermoelectric 

cooling of the detector to minimize the detector dark current and drift, increase the 

photodiode shunt resistance [10], [59] and increase the photo-sensitivity of the detector. 

Accommodating these features necessitates an increased enclosure size and electronics 

for controlling the cooling and demodulating the signal [59]. 

The concept underlying the new IRT created within this project was the 

miniaturisation of the signal conditioning electronics and ‘optical’ components by 

eliminating the need for cooling and having a direct coupling of the source to the IRT 

using fibre optics, without the need for optical signal chopping. Fibre optic coupling 

isolated the IRT from the object undergoing measurement and eliminated physical 

signal chopping. The overall reduction of IRT size afforded a compact device that 

could be deployed into positions with limited availability of space that also incurred 

harsh conditions, for example, within end milling machines or Lithium ion cell test 

chambers.  

It was necessary to couple the IRT to the heat source using fibre optics to isolate the 

electronics from the harsh conditions at the object undergoing measurement. The IRT 

was intended as a MWIR device, hence the fibre optic coupling needed to afford 

transmission through the appropriate range of infrared frequencies. 

1.3 Fibre optic materials 

Sapphire fibre optics are capable of operating at high temperatures, over 2000 °C, 

which exceeds the temperatures incurred during typical manufacturing processes and 

provide very good resistance to attack and degradation by chemical species [60]–[62]. 
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Sapphire fibre optics are also brittle; therefore, require protection from excessive 

impact, tension, or torsion forces being incurred within the deployment. Indium 

Fluoride and Zirconium Fluoride (ZBLAN) glass fibre optics have lower maximum 

operating temperatures than sapphire but are more flexible, therefore retrofitting to 

existing geometries can be easier. Fluoride glass fibres also have high resistance to 

chemical reactions and attack except for exposure to humid conditions that would lead 

to degradation of the surface. Fluoride fibre optics also have broader transmission 

ranges than sapphire crystalline or silica glasses, extending into the mid-wave infrared, 

typically having cut-off wavelengths between 4.5 μm and 5.5 μm, thereby enabling 

lower temperatures to be measured than either sapphire or silica fibre optics. 

Fibre-optic coupling of a radiant object to a thermometer leads to transmission losses 

compared to transmission through a vacuum and defines a range of wavelengths over 

which infrared radiation is transmitted and measured as the convolution of fibre optic 

transmission and the detector response curves. 

1.4 Objectives of Infrared Thermometer Development. 

The development of an infrared thermometer that used an uncooled MWIR photonic 

detector and received the radiant signal without optical chopping, has not been 

achieved successfully before. This new thermometer extended the utilisation of 

uncooled MWIR photodiodes by creating a calibrated infrared radiation thermometer 

(IRT) that was capable of measuring a wide range of temperatures. The IRTs 

configured with the capability of measuring over the temperature range from room 

temperature to a maximum of 1100 – 1200 °C (or higher, potentially) would advance 

temperature measurement in manufacturing, for example, applied to: machine tool and 

battery cell temperature measurement [25], [44], [52]–[54]. Thermometers affording 

measurement of higher temperatures could be applied to furnace temperature control 

[1], [3], [6], [11], [28], [55], [56]. Using fibre optic to couple infrared radiation onto the 

detector would afford having the electronic circuit positioned remotely from the harsh 

thermal and physical conditions at the cutting surface in machining, inside furnace 

chambers and the electro-chemical reaction conditions inside battery cells. 
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Having a thermometer that can measure from room temperature to 1100 – 1200 °C 

would afford improved control of heating processes and machining processes in 

manufacturing and electrochemical processes in batteries. 

The infrared thermometers developed for use within harsh conditions have the 

following outline requirements to ensure that measurements are valid, effective and 

practical [25], [55], [62]: 

 Operation without deterioration of the signal arising from changes induced 

by high temperature conditions such as: electronic drift, physical or optical 

behaviour changes and thermally-induced noise. 

 Chemical inertness against the conditions and materials present in the 

process, for example: the reactive species present within chemical cells at 

elevated temperatures. 

 Resilience against thermal degradation of the detector for example: thermal 

shock from exposure to high temperatures and fatigue arising from 

thermal cycling. 

 Accuracy, repeatability and sensitivity of measurements acquired allied 

with fast response speed that exceed the capabilities of invasive sensors. 

 Robustness against mechanical damage and the capability of deploying the 

measurement readily within the process or product being measured, and 

achieving cost-effective measurements. 

In addition to this list of generic requirements, each application will present unique 

sets of conditions that combine some or all of the above requirements with specific 

constraints that must be satisfied to ensure the validity of measurements. The 

particular constraints of a process will determine the components used to make the 

thermometer and the temperature measurement range over which it is optimised.. 

1.5 Specification for Prototype Infrared Thermometer 

The infrared thermometer must be capable of achieving measurements through a range 

of temperatures at sufficient resolution and accuracy to provide useful information 

about the processes undergoing investigation. The thermometer was also limited to 

having nominal physical size and mass constraints that ensured that it could be 
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attached to processes safely. The following summarises the specification for the 

prototype IRT configured: 

 Temperature measurement range 20 – 1200 °C 

 Temperature resolution ±1 °C 

 Response speed 1 ms 

 Calibrated accuracy RMS Error <  1 % 

 Nominal maximum PCB physical dimensions 30 mm x 30 mm 

 Nominal maximum PCB mass 100 g 

 Nominal fibre optic length 150 – 250 mm 

Other limitations and specifications that were specific to an application would need to 

be considered as these arose, for example, the IRT response speed may need to be 

faster to apply the device to an explosion measurement but could be slower for 

measuring a battery cell temperature during charging and discharging cycles. The 

compromise between competing parameters would need to be determined, based upon 

the key measurement requirements for each application. 

1.6 Raison d’etre of this thesis. 

An infrared radiation thermometer (IRT) that afforded non-invasive temperature 

measurement of processes incurring harsh conditions would advance temperature 

measurements of manufacturing operations and battery cell thermal behaviour. An 

IRT that deployed fibre-optic coupling between the object undergoing measurement 

and the thermometer, that was positioned remotely from the object, satisfied the 

requirements for such measurements. It would enable measurements from objects that 

were subjected to harsh conditions to be acquired without detriment to the 

thermometer. Thermometers exist that have fibre-optic coupling to enable the 

thermometer electronics to be positioned away from harsh conditions and these are 

deployed, typically with focusing optics to couple the infrared signal from a silica-

based fibre-optic cable onto the detector. Using high temperature, crystalline sapphire 

fibre optics that are transparent to mid-wave infrared wavelengths to couple infrared 

radiation signals from higher temperature objects would enable deployment of a 

thermometer in high temperature conditions. Deploying metallic fluoride glass fibre 
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optic into lower temperature objects would enable the transmission of the maximum 

intensity of mid-wave infrared radiation possible to afford a thermometer capable of 

measuring the lowest possible minimum temperature. It should be possible to measure 

temperatures approaching room temperature without needing excessive signal 

filtering with such an arrangement. 

The temperature ranges over which such thermometers measure could be adapted to 

different processes by amending the feedback resistor-capacitor (R-C) network around 

the TIA. Specifically, higher maximum temperature could be achieved using a smaller 

value feedback resistor and a lower minimum temperature could be achieved using a 

larger value resistor to define the transimpedance. Either of these adaptations would 

be likely to reduce the range of temperature measurements that one thermometer 

configuration could capture.  It would be necessary to amend the thermometer 

configuration to suit specific applications and compromise between having a high 

maximum and low minimum temperature measurable by each configuration. The 

response speed of the thermometer will also be affected by using different resistor and 

capacitor combinations in the R-C network. Additionally, the minimum temperature 

that can be resolved will be affected by changes to the R-C network because of the 

signal filtering incurred. The operational amplifiers used to configure the thermometer 

could also be optimised for specific applications, potentially requiring compromise 

between parameters that define the thermometer characteristics. Achieving lower 

minimum temperature measurable may require limiting the temperature range over 

which the thermometer could measure without saturating the TIA operational 

amplifier. 

IRT characterisation measurements using geometries that represented the conditions 

into which the thermometer would be deployed, provided practical calibrations of the 

prototype thermometers. This approach ensured that the practical calibrations 

measured under laboratory conditions should be valid for the applications. 

This thesis presents the development of prototype mid-wave and short-wave infrared 

radiation thermometers that used infrared transmitting fibre optics to couple objects to 

the semiconductor photodiodes, mounted on small-sized printed circuit boards. The 

aspiration for the thermometers is that they can be positioned within processes and 
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products that incur harsh conditions but provide calibrated temperature 

measurements with fast response, low uncertainty and high resolution and sensitivity. 

Uniquely, the thermometers have been achieved without optical chopping of the 

radiation signal or cooling of the photodiodes; thereby, enabling the practical 

application of infrared radiation thermometry to substitute for thermocouples in 

processes that incur harsh conditions. 

The thermometers used low-cost components, so could be positioned locally to the 

process undergoing measurement and consequential loss in too severe conditions for 

the device to survive would be tolerable. 

1.7 Arrangement of Thesis  

The thesis is arranged into the following chapters: 

1. Introduction of the problem being addressed 

2. Background to the experimental measurements and theory of infrared 

temperature measurement applicable to fibre-optic coupled thermometry 

3. Experimental and analysis methods used in developing and characterising the 

thermometer 

4. Development and experimental characterisation of the prototype mid-wave 

infrared radiation thermometer and measurement of tool temperature during 

end milling of Titanium plate using a derivative of the prototype 

5. Development of low temperature measuring range prototype thermometer and 

measurement of Lithium-ion battery cell temperatures 

6. Development of short-wave infrared radiation thermometer for the 

measurement of temperature inflections during phase transformations of tin 

7. Conclusions 

8. Further Work 

Appendix 1. Method of integrating Planck’s Law of Thermal Radiation and 

estimation of power incident upon photodiodes in radiation thermometers 

Appendix 2. Equipment used and factory calibration uncertainties for 

measuring instrumentation 
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Appendix 3. Track and Component Layout Drawings for Thermometer Printed 

Circuit Board. 
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2 PRINCIPLES AND THEORY APPLICABLE TO 

RADIATION THERMOMETRY 

Radiation thermometry is based upon measurement of the repeatable response of 

photo-sensitive devices (detectors) to incident radiation, that can be characterised in 

relation to the radiance temperature of the source. The incident radiation causes an 

electronic response or material property change in the detector. In the case of 

photodiodes, the interaction of infrared photons with the semiconductor materials 

causes the promotion of electrons and holes to the conduction band and generation of a 

photocurrent. The magnitude of photocurrent generated has a characteristic 

relationship with the intensity of infrared photons received within the wavelength 

range to which the detector is sensitive. The intensity of infrared radiation incident 

upon the photodiode depends upon the emittance with which the source object 

radiates and the transmission of the electro-magnetic radiation through media between 

the object and the receiving surface of the photodiode. In the case of a fibre optic 

coupled thermometer, the transmission medium between the object and photodiode is, 

at least, the fibre optic core and this will attenuate the intensity of radiation received by 

the detector compared to a blackbody transmitting through a vacuum. A thermometer 

characterisation or calibration is required that relates the photocurrent generated by 

the photodiode to a scale of known temperatures from sources having known 

emittances. The theory of blackbody radiation enables the relationship between the 

temperature of an object and the infrared radiation emitted by it to be evaluated. 
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The photocurrents generated within a detector are transformed to measurable voltages 

in a thermometer, typically using a transimpedance amplifier that amplifies the input 

current flowing through the feedback impedance [1]. The known emittance can then be 

used to characterise the consequent output voltage of a thermometer measuring the 

radiation that falls incident upon the detector, against the source temperature. The 

relationship determined between the output voltage and know temperatures can be 

interpolated to determine unknown temperatures of objects undergoing measurement. 

The detectors used to configure thermometers reported upon in this thesis were: 

 Indium Arsenide Antimony (InAsSb) alloy with response between 3.0 μm and 

5.0 μm in the mid-wave infrared (MWIR) 

 Extended range Indium Gallium Arsenide (extended-InGaAs) alloy with 

response between 0.9 μm and 2.6 μm in the short-wave infrared (SWIR) 

The temperature measurement uncertainty arising from emissivity error is dependent 

upon the wavelength at which the infrared radiation is measured according to the 

relationship [2]: 

𝚫𝑻

𝑻
=  

𝝀𝑻

𝒄𝟐
 
𝚫𝜺

𝜺
          Equation 2.1 

where: 

∆T is the error in the radiance temperature measured, K 

c2 is the second Planck radiation constant 0.014387752 m K 

λ is the limiting effective wavelength at which the IRT measured, m 

T is the absolute temperature of the object, K 

∆ε is the error in relative emissivity of the object  

ε is the relative emissivity of the object 

The photodiodes were chosen to use the shortest wavelength of infrared possible that 

afforded measurement over the temperature ranges desired, thereby the effects of 

emissivity errors upon the measurement uncertainty were minimised. 
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2.1 Radiometry Definitions 

Radiometry describes the set of metrology techniques that afford evaluation of the 

macroscopic exchange of radiation emitted by an object and received by a surface, 

accounting for the geometry between the two surfaces [3]. A hot object undergoing 

measurement and a photodiode detector undertaking its temperature measurement 

represent the emitting and receiving surfaces when applied to infrared radiation 

thermometry. 

The parameters used to describe the energy exchange between surfaces have specific 

definitions, as follows: 

 Radiance is the power emitted through all wavelengths from an object into a 

solid angle that subtends an area on a hemispherical surface along the normal 

direction and has units of W/m2 sr 

 A blackbody describes a perfect emitter or absorber of radiation, for which the 

temperature inferred from measurement of the radiance (the radiance 

temperature described below) is the actual temperature of the surface from 

which radiation is emitted 

 Radiant emittance is the power emitted in all directions measured across the 

whole hemispherical surface around a surface and has units of W/m2 

 Incident irradiance is the radiance emitted from an object that is subsequently 

received by a surface from all directions and has units of W/m2 

 Spectral radiance is the radiance within the range of wavelengths from a 

specific wavelength to infinity and has units of W/m2 sr m 

 Band emittance is the spectral radiance emitted from a surface between two 

defined wavelengths and has units of W/m2 sr m 

 Radiance temperature is the apparent blackbody temperature of the surface 

that led to the radiance emitted from an object, that is then measured by a 

thermometer and has units of K 

 Solid angle is the geometrical projection of an area, dA defined by an angle 

subtended from a point nominally at the centre of a sphere of radius, r at its 

surface and is defined as dA/r2 and has units of steradians. The geometric 

projection of solid angle is illustrated by figure 2.1, reproduced from original 
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content made available on Wikimedia by the original author, Sergio Mendoza, 

under an unrestricted creative commons public domain licence [4]. 

 

 

Figure 2.1 Solid angle geometry 

2.2 Blackbody Radiation Curves 

The band emittance of radiation from a surface is described by Planck’s Law of 

Thermal Radiation (Planck’s Law), with suitable reduction of the blackbody radiation 

intensity applied to account for the surface emissivity being non-blackbody in practice. 

The radiation intensity received by a detector may be reduced further by a ‘view’ factor 

that accounts for the geometry between the emitting object and detector. 

The equations presented hereafter assume blackbody conditions and perfect radiation 

exchange, so are idealised assumptions of perfect emittance, transmission and 

incidence upon a photodiode. These assumptions would need to be amended to 

represent the non-ideal conditions of a real thermometer for accurate calculation of the 

infrared radiance that was incident upon the active area of a photodiode. 

The spectral radiance of blackbody radiation is described by Planck’s Law: 

𝑳𝒃(𝝀, 𝑻) =
𝒄𝟏

𝝀𝟓  [𝒆𝒙𝒑 (
𝒄𝟐

𝝀𝑻
) − 𝟏]

−𝟏
      Equation 2.2 
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where: 

Lb(λ,T) is the spectral radiance of wavelength, λ emitted by a blackbody at absolute 

temperature, T 

c1 is the first radiation constant and 𝑐1 = 2𝜋ℎ𝑐2 = 3.7417274 𝑥 10−16 𝐽 𝑚2/𝑠 

c2 is the second radiation constant and 𝑐2 =  
ℎ𝑐

𝑘𝐵
= 0.014387752 𝑚 𝐾 

h is Planck’s constant 6.6261 x 10-34 J s 

c is the speed of light in vacuum 2.9979 x 108 m/s 

kB is Boltzmann’s constant 1.3806 x 10-23 J/K   

Integration of Planck’s Law cannot be undertaken using analytical methods, however 

numerical estimation can be used to evaluate the spectral radiance between two 

wavelength limits. The band radiance within unit solid angle between the two 

wavelengths is evaluated as the difference between the one-sided integrals calculated 

over the range of each wavelength to infinity. The integral calculated between the 

arbitrary wavelengths 3.0 μm and 3.5 μm is illustrated in figure 2.2. 

Figure 2.2 Spectral band radiance between 3.0 μm and 3.5 μm wavelengths 

The power incident upon a receiving surface from a radiating surface, within the range 

of wavelengths defined by the integration, can be calculated by convolution of the 
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band radiance with the optical throughput of the system. Further convolution of the 

power received by the detector with the photodiode response curve afforded 

estimation of the photocurrent generated by the device. This calculation was useful for 

projecting the suitability of a proposed system for acquiring temperature 

measurements within a defined range and estimation of the minimum and maximum 

temperatures measurable by a system having known characteristics. 

The following paragraphs describe the method used for estimating the intensity of 

radiation incident upon a photodiode in the prototype infrared thermometer and was 

based upon the method of Widger and Woodall [5], elaborated by Lawson [6]. 

2.3 Numerical Integration of Planck’s Law 

The integration of Planck’s Law of thermal radiation can be solved numerically to 

evaluate the band radiance emitted from a source object at a temperature. 

The band radiance, B(λ) is described by the one-sided integration of the spectral 

radiance that is defined by Planck’s Law, Lλ over the wavelength range from λ to ∞ 

and defines the blackbody power emitted into unit solid angle from unit area. 

𝑩(𝝀) =  ∫ 𝑳𝝀 𝒅𝝀
∞

𝝀
         Equation 2.3 

𝑩(𝝀) =  ∫
𝒄𝟏

𝝀𝟓  [𝒆𝒙𝒑 (
𝒄𝟐

𝝀𝑻
) − 𝟏]

−𝟏
𝒅𝝀

∞

𝝀
       Equation 2.4 

Using substitutions of the form: 

𝑥 =
𝑐2

𝜆𝑇
 

and 

𝑑𝑥 = −
𝑐2

𝜆2𝑇
𝑑𝜆 

substituting into the equation for band radiance: 

𝑩(𝒙) =
𝒄𝟏𝑻𝟒

𝒄𝟐
𝟒  ∫

𝒙𝟑

𝒆𝒙−𝟏
 𝒅𝒙

∞

𝒙
       Equation 2.5 

and making the substitution of an infinite series that is equivalent to the integral in 

equation (2.5) 
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∫
𝒙𝟑

𝒆𝒙−𝟏
 𝒅𝒙

∞

𝒙
=  ∑ 𝒆−𝒏𝒙 [

𝒙𝟑

𝒏
+

𝟑𝒙𝟐

𝒏𝟐 +
𝟔𝒙

𝒏𝟑 +
𝟔

𝒏𝟒]∞
𝒏=𝟏      Equation 2.6 

enables the numerical solution of the Planck’s Law equation [5], [6] as: 

𝑩(𝝀) =
𝒄𝟏𝑻𝟒

𝒄𝟐
𝟒 ∑ 𝒆−𝒏𝒙 [

𝒙𝟑

𝒏
+

𝟑𝒙𝟐

𝒏𝟐 +
𝟔𝒙

𝒏𝟑 +
𝟔

𝒏𝟒]∞
𝒏=𝟏                    Equation 2.7 

where 

𝑥 =  
ℎ𝑐

𝑘𝜆𝑇
=  

𝑐2

𝜆𝑇
 

The infinite series has been demonstrated to converge with negligible truncation error 

for the summation n=1 to n=10 when x > 2 [5], for which conditions the product λT falls 

within the mid-wave infrared region of the electromagnetic spectrum at temperatures 

up to 1750K (circa 1475 °C). 

Evaluation of the finite band radiance can then be achieved by the difference between 

the numerical solutions of the band radiance integrals, calculated from the specified 

values of λ to infinity, that is: 

∫ 𝑳𝝀 𝒅𝝀 =  ∫ 𝝀 𝒅𝝀 − ∫ 𝝀 𝒅𝝀
∞

𝝀𝟐

∞

𝝀𝟏

𝝀𝟐

𝝀𝟏
       Equation 2.8 

The numerical solution of this equation affords estimation of the radiance emitted from 

a blackbody source, which can then be multiplied by the fibre optic throughput to 

afford estimation of the power incident upon a sensor positioned remotely from the 

radiant source. 

The band radiance calculation for any wavelength between 0.2 μm and 6.0 μm was 

undertaken in a spreadsheet and has been used to estimate the power incident upon 

the thermometer for each prototype configuration considered. 

The fibre optic transmission curve was assumed to have a ‘top-hat’ profile, as 

illustrated by figure A1.2 of Appendix 1. The range of wavelengths between the high 

and low cut-off limits were assumed to be transmitted perfectly and all wavelengths 

outside of this pass band were assumed to be blocked fully. There was an 8% loss of 

the incident radiation at the fibre optic boundary, calculated according to Fresnel’s 

Law of normal incidence. Similarly, the photodiode response curve was assumed to 

have a ‘top-hat’ profile that only generated photocurrent between the upper and lower 
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cut-off wavelengths. These are simplifying assumptions because the fibre optic 

transmission and photodiode response curves will both have increasing attenuation 

beyond the nominal cut-off limits and will not have such abrupt on/off characteristics. 

These assumptions enable the numerical solution of the equation to be realised 

practically using the spreadsheet calculation and represent a conservative estimate of 

the radiance, power incident upon the photodiode and photocurrent generated in 

response to the infrared signal. 

An example of the blackbody band radiance calculation between 3.0 μm and 4.5 μm is 

presented in figure 2.3. This wavelength range represented the band transmitted by the 

ZBLAN fibre optic, over which the InAsSb photodiode chosen for the experimental 

work, responded at its maximum photosensitivity. The nominal high and low limits 

were defined as the wavelengths at which 3dB attenuation of the photosensitivity 

occurred. The sensitivity of the photodiode diminished rapidly beyond these limits, 

therefore, assuming that the photodiode had no response to wavelengths beyond these 

is a reasonable simplification. 

Figure 2.3 Example band radiance for the wavelength range 3.0 – 4.5 μm calculated 

from numerical integration of Planck’s Law, assuming blackbody conditions  
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The band radiance and étendue (or optical throughput) calculated for a specific fibre 

optic coupling (see equation 2.22 presented later in this chapter) enabled the energy 

incident upon the photodiode to be calculated for different source temperatures and 

thermometer configurations (see table 2.2 presented later in this chapter). This 

calculation spreadsheet enabled the expected minimum temperature measurable to be 

estimated and the optimum configuration of photodiode and fibre optic coupling 

material to be selected to match the thermometer response to the application prior to 

assembling the components. 

2.4 Wien’s Approximation of Planck’s Law 

Owing to the intractability of integrating Planck’s Law analytically, therefore, lacking 

the capability to interpolate between pairs of calibration measurements with a 

continuous, smooth and monotonic calibration curve, the Wien approximation has 

been used to simplify calculations of blackbody radiation curves. It would be feasible 

to embed Planck’s Law calculations of band radiances into a microprocessor to afford 

the piecewise interpretation of measuring circuit output voltages as radiance 

temperatures with sufficient granularity to enable linear interpolation between known 

points. The Wien approximation has been used for practical calibration and 

characterisation of the response of a thermometer to varying temperatures to afford a 

continuous interpolation curve between the known points. This simplified equation 

approximates Planck’s Law well for higher frequency, shorter wavelength, therefore 

higher energy infrared radiation. The Wien approximation certainly applied to the 

mid-wave and short-wave infrared frequencies to which the prototype thermometers 

configured within this work responded and higher frequencies (shorter wavelengths) 

for ranges of temperature measurement incurred within industrial processes [7]. 

The Wien approximation is based upon the assumption that the unity constant in the 

denominator of Planck’s Law formulation can be neglected for conditions that satisfy 

the assumption: 

𝑐2

𝜆𝑇
≫ 1 

This simplification affords the elimination of the unity constant in the denominator: 
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[𝒆𝒙𝒑 (
𝒄𝟐

𝝀𝑻
) − 𝟏]

−𝟏
≈  [𝒆𝒙𝒑 − (

𝒄𝟐

𝝀𝑻
)]       Equation 2.9 

from which, Planck’s Law may be simplified to the Wien approximation: 

𝑳𝒃(𝝀, 𝑻) =
𝒄𝟏

𝝀𝟓  [𝒆𝒙𝒑 − (
𝒄𝟐

𝝀𝑻
)]                 Equation 2.10 

There exist ranges of wavelength and temperature conditions for which the Wien 

approximation and Planck’s Law will differ by only 1%, favouring shorter 

wavelengths. The Wien approximation will estimate the intensity of radiation emitted 

by an object outside of the ideal constraints but will incur increased uncertainty.  

Representative radiances were calculated for different temperatures through the 

wavelength ranges over which the SWIR and MWIR photodiodes responded, using 

Planck’s Law and the Wien approximation. The resulting radiance curves as a function 

of wavelength are presented in figure 2.4  

Figure 2.4 Radiance curves calculated using Planck’s Law and Wien Approximation 

The wavelength ranges of the SWIR and MWIR bands to which the extended-InGaAs 

and InAsSb photodiodes responded and the temperature ranges to be measured 

afforded Wien’s approximation to be used with a maximum deviation from Planck’s 

Law of 10% at 1000°C and 5.0 μm. 
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The radiance temperature of an object can be inferred by solving the inverse form of 

Wien’s approximation, which afforded modelling the output characteristic that could 

be expected from an infrared thermometer and evaluation of unknown source 

temperatures based upon calibration to known source temperatures, as described in 

the following paragraph. 

The Wien approximation enables the ratio of the radiance arising from an unknown 

temperature to the radiance from a known temperature to be evaluated and the 

consequent signals from a thermometer characterised to calibrate the radiance versus 

object temperature relationship [7]–[10]. The implementation of the Wien 

approximation requires knowledge of the spectral response of the thermometer to 

establish the monochromatic, limiting effective wavelength representation of the broad 

range of spectral response actually achieved, as described in the following paragraph. 

Differentiation of the Wien approximation with respect to the wavelength and 

representation of the resulting differential change in the band radiance divided by 

band radiance afforded determination of the fractional change in band radiance: 

𝒅

𝒅𝑻
[𝑳𝒃(𝝀,𝑻)]

𝑳𝒃(𝝀,𝑻)
=  

𝒄𝟏𝒄𝟐
𝝀𝟔𝑻𝟐 [𝒆𝒙𝒑−(

𝒄𝟐
𝝀𝑻

)]

𝒄𝟏
𝝀𝟓 [𝒆𝒙𝒑−(

𝒄𝟐
𝝀𝑻

)]
                  Equation 2.11 

Cancelling out the numerator and denominator terms from equation (2.11), the 

relationship describing the proportional change in band radiance simplified to: 

𝒅

𝒅𝑻
[𝑳𝒃(𝝀,𝑻)]

𝑳𝒃(𝝀,𝑻)
=  

𝒄𝟐

𝝀𝑻𝟐                                          Equation 2.12 

The continuous interpolation equation used to calculate the radiance temperature from 

the measured detector output voltage would, ideally, be applied to a very narrow 

range of wavelengths, represented by a monochromatic central wavelength. A narrow 

range of wavelengths can be represented in the Wien approximation quite adequately 

by the mean monochromatic wavelength, without introducing significant error into the 

calculation. In practice, detectors can have responses over a broad range of 

wavelengths and temperatures, therefore, assuming the same characteristic throughout 

these ranges introduces greater uncertainty into the measurement. It was desirable to 

characterise the full range of detector response as an abstraction at a nominal 

monochromatic wavelength, for which the ‘limiting effective wavelength’ has been 
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defined. This mathematical abstraction to a monochromatic wavelength represents the 

spectral response of the thermometer through the temperature and wavelength ranges 

measured and is accepted for usage in multiple point calibrations within standards 

laboratories [7]. The relationship describing the proportional change in band radiance 

can be evaluated at the limiting effective wavelength without exacerbating the 

measurement uncertainty. The relationship between the fractional change in band 

radiance and limiting effective wavelength also provided metrics that can be calculated 

to characterise the sensitivity, uncertainty and resolution that a thermometer achieved 

and compare with similar metrics from other thermometers, as described in the 

following paragraphs. 

Evaluation of the ratio of band radiances between two temperatures, convolved with 

the detector response curve enabled a first order expansion of the relationship between 

the natural logarithm of the thermometer output (Ln(Vo)) and inverse of source 

absolute temperature (1/T) to be evaluated [8]. The intercept, a and gradient, b of the 

linear relationship presented in equation (2.13) are evaluated from regression of the 

measurements plotted on a graph with Ln(Vo) on the ordinate axis and 1/T on the 

abscissa. 

𝐥𝐧(𝑽𝒐) = 𝒂 + 
𝒃

𝑻
                 Equation 2.13 

The limiting effective wavelength value can be evaluated from the gradient of the 

Ln(Vo) – 1/T curve, as presented in equation (2.14) 

𝝀𝒆 =  
𝒄𝟐

𝒃
                   Equation 2.14 

where: 

λe is the limiting effective wavelength calculated as the representative wavelength of 

the thermometer 

c2 is the second radiation constant 

b is the gradient of the ln(Vo) versus 1/T curve 

The sensitivity of the output voltage variation with unit temperature was defined as 

the percentage change of the thermometer output (%ΔVo) with varying source 

temperature (1/T) and evaluated according to the relation (2.15): 
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%𝜟𝑽𝒐

𝑻
=  

𝒄𝟐

𝝀𝒆𝑻𝟐                     Equation 2.15 

Equation (2.15) enables the measurement uncertainty and noise around a mean signal 

to be expressed as a temperature. The noise-limited equivalent temperature resolution 

that defined the resolution to which measurements could be acquired using the 

prototype thermometer, was defined as the percentage of the output voltage that was 

noise divided by the output sensitivity to unit temperature variation, defined in 

equation (2.16) and was calculated from equation (2.17). 

𝑵𝑬𝑻𝑹 =
%𝑵𝒐𝒊𝒔𝒆𝑽𝒐𝒍𝒕𝒂𝒈𝒆

(%∆𝑽𝒐/°𝑪)
                              Equation 2.16 

which evaluated as: 

𝑵𝑬𝑻𝑹 =
(𝟏𝟎𝟎

𝝈

𝑽𝒐
)

(𝟏𝟎𝟎 
𝒄𝟐

𝝀𝒆𝑻𝟐)
                    Equation 2.17 

where: 

NETR is the Noise-limited Equivalent Temperature Resolution, °C 

σ is the sample standard deviation of noise around the mean signal (%NoiseVoltage)  

%∆Vo/°C is the change in output voltage expected from the thermometer for a change 

in temperature; this value is determined from the ln(Vo) versus 1/T curve, %/°C 

T is the absolute temperature of the source object being measured, K 

Vo is the mean output voltage value at the temperature being measured, V 

The uncertainty of the measurements acquired was defined as the standard deviation 

of the output voltage variation and this contributes the principal component of 

measurement uncertainty for thermometers. 

The minimum temperature measurable was defined as the temperature for which 

unity signal to noise ratio occurred and was evaluated as the temperature at which the 

magnitude of the standard deviation, σ equalled the mean output voltage, <Vo>. 

These parameters were calculated for the measurements acquired from the prototype 

thermometers during characterisation against known temperatures and used to define 

the nominal temperature measurement range over which measurements were 

maintained within defined uncertainties. The limiting effective wavelength parameter 
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calculated using the Wien approximation, along with the variation of the output 

voltage with known source temperatures enabled a Sakuma–Hattori interpolation 

equation to be determined. The Sakuma–Hattori equation modelled the thermometer 

characteristics affording interpolation of unknown temperatures from the relationship 

between the output voltage from the thermometer and known temperatures. 

2.5 Sakuma-Hattori equation. 

Simplifications of the response of a thermometer output signal to varying source 

temperature have been established that enable calibration without requiring 

knowledge of the spectral response of the thermometer or extensive radiance 

calculations. Whilst the Wien approximation simplifies the calculation of band 

radiance significantly, it still requires knowledge of the spectral response of the 

thermometer, via calculation of the limiting effective wavelength and investment of 

considerable effort to evaluate the integration of band radiance. One of the principal 

simplifications used to calibrate thermometers by many standards laboratories is the 

Sakuma – Hattori curve fit of thermometer output voltage variation with known 

source temperature variation. The Sakuma – Hattori equation that described the 

measured calibration points as a continuous curve, with generalised parameters, 

enabled the response of a thermometer to different temperature ranges and different 

spectral radiance ranges to be evaluated, based upon a single set of calibration 

measurements. This becomes very useful both for extrapolating from the calibration 

measurements to other ranges and fitting an interpolation curve between 

measurements in the absence of knowledge of the detector and thermometer details.     

The Sakuma – Hattori equations are curve forms that can be fitted to data representing 

the signal output generated by a detector (or thermometer) versus the radiance 

temperature of an object being measured. The Planck form of the Sakuma – Hattori 

equation has been recommended by temperature measurement standards 

organisations for interpolating infrared thermometer calibration curves [9]. It was also 

recommended for estimating the uncertainties in radiance temperature measurements 

during infrared thermometer calibration [7]. This form of the Sakuma–Hattori equation 

represented the interpolation curve that provided the best fit to Planck’s Law during 

investigations undertaken by a number of national standards laboratories [11]. 
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𝑺(𝑻) =
𝑪

[𝒆𝒙𝒑(
𝒄𝟐

𝝀𝒆𝑻
)−𝟏]

                 Equation 2.18 

where: 

S(T) is the output signal generated by a detector (or output voltage from a 

thermometer). The units applicable should be the detector output units, typically 

thermometer output voltage after amplification of the photocurrent through a 

transimpedance amplifier or the photocurrent generated 

C is a scalar coefficient that affords amplification of the range of the thermometer 

output to correspond with the span of the detector output 

c2 is the second radiation constant (0.014387752 m K) 

λe is a temperature-dependent effective wavelength in meter units 

T is the absolute temperature of the object in Kelvin units 

In more generalised form and without prior knowledge of the limiting effective 

wavelength evaluated from manipulation of Wien’s approximation, the unknowns 

include the scalar factor, C and the limiting effective wavelength, that can be replaced 

by the relation: 

𝜆𝑒 = 𝐴 +  
𝐵

𝑇
 

Whereupon, the coefficients that determine the limiting effective wavelength, A and B 

and the scalar factor, C can be determined by fitting curves iteratively until the residual 

error between the modelled and measured values becomes negligible, typically having 

a value of less than 10-6. The prototype thermometers tested already had the limiting 

effective wavelength calculated from the Wien approximation, therefore the Sakuma–

Hattori model curves determined had this constraint imposed, leaving only the scaling 

factor to be calculated. 

The Sakuma–Hattori curve fit affords calculation of band radiance and radiance 

temperature similar to the Wien approximation but can be applied over a broader 

range of wavelengths, rather than being limited to the shorter wavelengths over which 

the Wien approximation is considered valid [12]. The Sakuma–Hattori equation affords 

a practicable method for calculation of band radiance incident upon a detector from a 
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source temperature and the inverse calculation to derive the radiance temperature of 

an object from measurements of the infrared band radiance received by a photodiode. 

Calibration of a thermometer can be undertaken based upon interpolating between the 

measurements of known source temperatures to determine the thermometer output 

that would arise for any source temperature using the Sakuma – Hattori equation. The 

principle employs fitting the Sakuma – Hattori curve form to the measured data 

recorded during a multiple point calibration of the infrared thermometer and then 

using the coefficients determined to interpolate between the measurements. This curve 

fit enables a multiple point calibration to be used to characterise the thermometer and 

adapt the source temperature versus output curve to work through any range of source 

temperatures. Typically, three or more known source temperatures are used to 

characterise the thermometer output against temperature curve but the Sakuma – 

Hattori curve can be fitted with only one or two points [7], [9], [12]. 

The Sakuma-Hattori equation has been used to derive a characteristic for the prototype 

fibre optic thermometers that enabled their deployment to gather measurements from 

objects having temperatures outside of the laboratory calibration temperature range 

(100-1100 °C for the higher temperature versions and 20-80 °C for the lower 

temperature versions of the thermometers). 

A thermometer would typically be characterised by experimental measurement, 

usually measuring multiple temperatures through a range over which the thermometer 

will be applied. 

The thermometers developed within this work were coupled to objects using fibre 

optics, which introduced an additional consideration of the transmission medium 

between the emitting surface and the detector. 

2.6 Fibre Optic Coupling 

There are different fibre optic materials suitable for transmitting different wavelength 

ranges of infrared radiation, which have useful attributes and weaknesses. The choice 

made between one material or an alternative depends upon the suitability for the 

specific wavelengths of infrared radiation to be used and the suitability for use under 

the conditions at the measurement position. 
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2.6.1 Fibre optic materials 

Suitable fibre optic materials used to couple the prototype thermometer to objects 

undergoing measurement were: sapphire (Al2O3) crystalline fibre optic, Indium 

Fluoride (InF3) and ZBLAN metallic fluoride glasses. The suitability of these materials 

were determined upon the wavelength ranges transmitted and capability to withstand 

damage in deployment, specifically: the maximum temperature to which the material 

may be exposed being above that expected to arise at the object and the chemical 

inertness towards reagents present in the measurement environments. 

The wavelength ranges transmitted by the fluoride glass fibre optics aligned to their 

usage with photodiodes that respond in the MWIR and SWIR, as illustrated in figure 

2.5. Similarly, sapphire fibre optic had transmission between 0.75 μm and 3.5 μm, so 

aligned with the response of the photodiodes used in this study. Silica fibres formed to 

have low residual hydroxyl ion concentrations were incapable of transmitting the 

longer wavelengths of infrared required for lower temperature range measurements 

using MWIR photodiodes. Silica fibre optics could be used with SWIR photodiodes, 

such as the extended-InGaAs variant measuring the higher temperature ranges, 

provided that the material also had suitable properties for deployment into the 

conditions incurred.  
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Figure 2.5 Variation of attenuation of infrared by fluoride and low-OH silica fibre 

optics with wavelength 

The metallic fluoride based glass fibres have typical transmission bands extending over 

the range of wavelengths between 0.2 μm and 4.5 μm to 5.5 μm, thereby transmitting 

radiation between the ultra-violet and the mid-wave infrared (MWIR) regions of the 

electro-magnetic spectrum [13]. Fluoride glass fibre optics represent ideal transmission 

media for coupling infrared radiation from an object to either SWIR or MWIR 

thermometers, from the perspective of maximising transmission of the most relevant 

infrared radiation wavelengths. Fluoride glasses have limitations in application; 

typically, the maximum temperature tolerated by these fibres is circa 200 °C [13]. The 

manufacturer specified a maximum operating temperature of 90 °C for the versions of 

fluoride glass fibre used in this project.  

The bend radius that the fluoride fibres can incur without fracturing also enabled these 

types of fibre optics to be embedded into difficult to access objects such as: heat-sealed 

pouch cells used to assemble Lithium-ion batteries. Fluoride glass fibre optics must be 

protected from exposure to any moisture because of degradation reactions that occur 

between the materials and water molecules or hydroxyl ions [14], [15]. 
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Sapphire crystalline fibres transmit radiation through the range of wavelengths 0.7 – 

3.5 μm (visible through to MWIR wavelengths) that encompassed SWIR fully and 

overlapped with the 3.0 – 5.0 μm MWIR photodiode response curve between 3.0 μm 

and 3.5 μm. The range of wavelengths transmitted by sapphire fibre optic would be 

ideal for coupling to an SWIR thermometer but only the shortest 25% of wavelengths 

to which the InAsSb photodiode responded. The region of overlap at the shortest 

wavelengths to which the InAsSb photodiode responded, suggested that the MWIR 

thermometer with sapphire fibre optic coupling would be more suitable for measuring 

higher temperature objects than those having lower temperatures.  

Sapphire can withstand a maximum temperature of 2030 °C for continuous operation, 

therefore was used to withstand embedding into objects that incurred high 

temperatures. It also remains inert against many chemical reactions, hence can be used 

in the presence of aggressive chemicals. Sapphire fibres are brittle and have limited 

bend radius, so cannot be deployed into constrained spaces that require tight bends. 

The physical properties of the fibre optic materials dictated their suitability for 

embedding into harsh conditions and the geometry necessary to achieve embedding 

into the object surface. 

2.6.2 Fibre optic transmission equations. 

The transmission of infrared radiation along a fibre optic utilises the principle of total 

internal reflection (TIR) of the radiation coupled into the fibre at the boundary of the 

fibre core and the immediately surrounding cladding [13]. The materials that are used 

to form the core of the fibre and cladding are chosen to ensure that the cladding has a 

lower value of refractive index than the core to ensure that TIR can be achieved. 

Infrared radiation is coupled into the fibre provided that the angle that the radiation 

subtends to the receiving surface of the fibre optic is within a limiting ‘critical’ angle, 

that can be derived from Snell’s Law. Any infrared radiation that enters the fibre at a 

planar angle that lies within the limit defined by equation (2.19) will be transmitted 

along the fibre: 

𝐬𝐢𝐧 𝜽𝒎𝒂𝒙 =  
𝟏

𝒏𝟎
√𝒏𝟏

𝟐 − 𝒏𝟐
𝟐               Equation 2.19 
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where: 

θmax is the maximum angle of acceptance of radiation coupled into the fibre for which 

TIR will occur 

n0 is the refractive index of the medium into which the fibre is immersed, typically this 

might be air with n0 = 1.0 

n1 is the refractive index of the fibre core material 

n2 is the refractive index of the cladding material 

Equation (2.19) is valid when the condition n1 > n2 is satisfied 

The transmission principle of a fibre optic is illustrated in figure 2.6, for which the 

nomenclature used in equation (2.19) applies. 

Figure 2.6 Schematic diagram illustrating total internal reflection principle of 

transmission along fibre optic 

The maximum angle of acceptance of infrared radiation into the fibre that is defined by 

equation (2.19) can then be used to define the projected solid angle that may also be 

referred to as the cone of acceptance of radiation entering into the fibre, as presented in 

equation (2.20): 

𝛀 =  𝝅 𝐬𝐢𝐧𝟐 𝜽𝒎𝒂𝒙                Equation 2.20 

where: 

Ω is the projected solid angle of radiation that can be coupled into the fibre, the cone of 

acceptance 

θmax is the maximum angle of acceptance for TIR to occur defined by equation (2.20) 

 

Cladding Outer Protective Jacket 

θ
max

 

Infrared entering 

fibre at angle θ ≤ θ
max
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Furthermore, the Numerical Aperture value can be calculated form the information 

pertaining to the critical angle and refractive index of the medium surrounding the 

fibre optic surface (typically this would be air and have refractive index, n0 = 1.0), 

according to equation (2.21): 

𝑵𝑨 =  𝒏𝟎 𝐬𝐢𝐧 𝜽𝒎𝒂𝒙                Equation 2.21 

where: 

NA is the numerical aperture and the other symbols take the same meanings as used in 

equation (2.19) 

The area of acceptance for radiation entering the receiving surface of the fibre optic is 

the cross-sectional area of the core. The cross-sectional area of the fibre optic core 

multiplied by the Numerical Aperture value of equation (2.19) defines the étendue 

value or optical throughput of the fibre optic. The equation defining the étendue of a 

fibre is presented in equation (2.22) for which the surrounding medium has been 

assumed to be air with refractive index n0 = 1.0: 

É𝐭𝐞𝐧𝐝𝐮𝐞 =  
𝝅𝟐

𝟒
 𝒅𝟐 𝑵𝑨𝟐               Equation 2.22 

where: 

d is the fibre core diameter and all other symbols maintain their meanings from 

equations (2.19) through (2.21). 

These equations represent the idealised case for fibre optic transmission, whereas there 

will be losses arising in practice from: impurities in the fibre material, imperfections in 

the glass fibre core and cladding surfaces, inhomogeneity of the fibre material and 

penetration of radiation into the cladding. Impurities in the glass cause absorption of 

radiation and often arise as residual elements from the manufacturing processes, with 

oxygen and hydrogen molecules, hydroxyl ions and metallic atoms being prominent 

causes of attenuation through specific ranges of wavelengths associated with their 

characteristic infrared absorption bands. Imperfections on the glass fibre core and 

cladding surfaces cause partial scattering of the radiation at the boundary of the two 

materials, rather than the reflection required for transmission and can be caused 

during service, for example: by bending the fibre optic and causing microscopic 
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fractures in the surfaces that then disperse the radiation field. Penetration of a 

proportion of the radiation into the cladding causes what is termed an ‘evanescence 

field’ and enables weak transmission of some radiation intensity within the cladding 

rather than along the core [13]. The fibre optic itself will have absorption, scattering 

and dispersion losses arising from the gradient of refractive index within the material 

and consequent differences in propagation velocity through the fibre. All of these loss 

mechanisms contribute towards the attenuation characteristics of the fibres that 

manufacturers quote, typically amounting to attenuation of the order 0.2 – 0.5 dB/m for 

infrared transmitting metal fluoride and sapphire fibre optics [16], [17]. The 

attenuation presented by a fixed length of fibre optic coupling the thermometer to the 

object and that has stable properties in-operando can be accounted for during 

calibration. 

The lengths of fibre optic used for the prototype thermometers were short, up to 1 m 

maximum, therefore these transmission losses had negligible effect upon the intensity 

of radiation that would be incident upon the photodiode. The transmission of the fibre 

was assumed to be ideal and the intensity modelled for calculating photodiode 

response was assumed to be dictated by the étendue of the fibre, normal incidence 

coupling from air to the fibre optic and radiation source intensity. Should an 

application require that a long fibre optic be deployed, it would necessitate 

characterisation of a thermometer to establish the lower infrared signal magnitude 

arising through the range of temperatures measured. 

It should be acknowledged that the existence of radiation losses meant that the 

equations governing transmission along the fibre optic core and coupling into the fibre 

surface used for estimation of infrared radiation intensity at the fibre optic outlet 

surface represented ideal conditions. The étendue equation was used to calculate the 

throughput of the fibre optics used to transmit an infrared signal from a source object 

to the prototype thermometers to afford estimation of the minimum temperature that 

the thermometers could measure with different fibre optics coupling radiation onto the 

sensors. The signal transmission achieved, therefore the estimated minimum 

temperature measurable by the thermometer attached to the fibre optic, would likely 

differ from the characteristics calculated. The object was assumed to be a blackbody 
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radiation source, emitting according to Planck’s Law of Thermal Radiation (Planck’s 

Law). With the caveat that the calculation represented an idealised version of the 

thermometer measurement, Planck’s Law has been integrated numerically, according 

to the method presented in chapter 2.3 and the throughput of the fibre optic used to 

evaluate the intensity of radiation incident upon the photodiode for a range of 

wavelengths and source temperatures. 

2.7 Modelling of infrared transmission and power incident 

upon detector 

There are a number of options for fibre optic coupling that operate within the infrared 

range of wavelengths: chalcogenide, sapphire, fluoride glass and low hydroxyl silica 

can all transmit over different portions of this band. Generally, chalcogenide materials 

are toxic and incur damage easily from chemical reactions and high temperature, so 

would not be suitable for usage in harsh conditions. Low hydroxyl silica fibres have 

limited ranges of transmission that favour shorter wavelengths of near infrared (NIR) 

and attenuate SWIR or MWIR wavelength ranges. The remaining options of sapphire 

and fluoride glass fibre optics transmit between NIR and MWIR wavelengths, so 

present the best options for measuring wider ranges of temperature. Sapphire has the 

capability of surviving high temperature, whereas metallic fluoride glass has lower 

maximum operating temperature but is less prone to brittle fracture. Both materials are 

chemically inert or react slowly in many typical applications. 

Typical attenuation curves for ZBLAN, Indium Fluoride and low hydroxyl ion Silica 

glass fibre optics, for which the upper limiting wavelengths of transmission were 

defined as 4.5 μm, 5.5 μm and 2.4 μm respectively, were presented in figure 2.5 [17]. 

These curves illustrated the point that the cut-off of a fibre happens over a range of 

wavelengths and does not extinguish the signal immediately but attenuates it 

increasingly outside of the nominal transmission band. The effect of the attenuation 

curves upon the signal measured is accounted for in the calibration that measures the 

actual photocurrent generated for a radiance temperature, of course. Modelling affords 

judicious choices of components and selection of thermometer configuration for 

applications, prior to assembling a thermometer for an application.  



 

     49 

Calculations were undertaken using Microsoft Excel and the details of these have been 

provided in appendix 1, however, an example calculation for an Indium Arsenide 

Antimony (InAsSb) photodiode coupled through a 425 μm diameter sapphire fibre 

optic is provided in the following paragraphs to illustrate the method used. 

Numerical integration of spectral radiance was undertaken, according to the method of 

Widger and Woodall [5], for which Planck’s Law was formulated in terms of frequency 

and the spectral radiance at frequency υ, can be stated: 

𝑳𝝂 = [
𝟐𝒉𝝂𝟑

𝒄𝟐 ] [
𝟏

𝒆
(

𝒉𝝂
𝒌𝑻

)
−𝟏

]                 Equation 2.23 

where: 

Lυ is the spectral radiance at frequency υ, W/m2 sr 

υ is the spatial frequency of radiation, m-1 

T is the absolute temperature, K 

h, c and k are Planck’s constant, the speed of light in vacuum and Boltzmann’s 

constant, as defined previously 

The spectral radiance was integrated numerically and the band radiance evaluated by 

the difference between the numerical integrations for two wavelengths. The numerical 

integrations generated a table of spectral radiance values for different temperature and 

wavelength products (λT) that were summed for a finite number of series expansion n 

to calculate the total spectral radiance within the range specified. 

An example calculation for band radiance calculated between λ = 3.0 μm and 4.5 μm, T 

= 273 – 1750 K and for series summation limits n = 1 – 10 is presented in figure 2.7 In 

this case, the calculations represented the nominal limiting wavelengths defined by the 

InAsSb photodiode responsivity and fibre optic transmission curves for coupling by a 

ZBLAN fibre optic. The intensity incident upon a detector was multiplied by the 

attenuation of the signal by the optical throughput of 600 μm diameter ZBLAN fibre 

optic of 230 mm length to calculate the power incident upon the InAsSb detector, this 

being one configuration of fibre optic thermometer considered. 
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Figure 2.7 Example numerical integration calculations for evaluating spectral 

radiance, in this case over the mid-wave infrared wavelength range 3.0 – 4.5 μm, 

transmitted by a 230 mm length, 600 μm core diameter ZBLAN fibre optic 

2.8 Minimum temperature measurable with prototype fibre 

optic thermometer  

The minimum temperatures that could be measured by thermometers that used 

InAsSb or extended range Indium Gallium Arsenide (extended-InGaAs) photodiodes 

and were coupled to an object by infrared fibre optics, have been estimated. These 

estimated minima were based upon the numerical integration of Planck’s Law and the 

resulting calculation of the band radiances and powers incident upon the photodiodes, 

as described within this chapter. The assumption of immediate cut-off of the fibre optic 

transmission curve and photodiode response curve at the upper and lower 

wavelengths led to the estimate of the band radiance being conservative because these 

curves extend beyond these nominal limits, as illustrated in figure 2.4. The partial 

transmission and responsivity outside of the nominal cut–off wavelengths provided 

additional spectral radiance and photocurrent generation, respectively. This additional 

power and response afforded measurement of marginally lower temperatures than 
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calculated, hence the estimates presented were conservative. Interpolation of the 

power incident upon the sensor was used to establish the source temperature that 

would lead to the minimum power detectable by the photodiode, specified in 

manufacturer’s data to be: 0.15 μW for InAsSb and 1 pW for extended-InGaAs. Using 

the estimation method stated, the minimum source temperatures expected to be 

measurable by different configurations of thermometer are presented in table 2.1. 



 

52 

Table 2.1 Minimum source temperature measurable estimated from the band 

radiance calculations and minimum power to which the photodiode will respond 

Thermometer 

Configuration: 

Photodiode 

and Fibre 

Optic 

Fibre Optic 

Transmission 

Wavelength 

Range μm 

Photodiode 

Response 

Wavelength 

Range μm 

Nominal 

Convolved 

Wavelength 

Range 

μm 

Minimum 

Temperature 

Measurable by 

Detector* 

°C 

InAsSb 425 μm 

Sapphire 
0.75 – 3.5 3.0 – 5.0 3.0 – 3.5 230 

InAsSb 325 μm 

Sapphire 
0.75 – 3.5 3.0 – 5.0 3.0 – 3.5 255 

InAsSb 100 μm 

Sapphire 
0.75 – 3.5 3.0 – 5.0 3.0 – 3.5 470 

InGaAs 425 μm 

Sapphire 
0.75 – 3.5 0.9 – 2.6 0.9 – 2.6 100 

InAsSb 100 μm 

InF3 
0.31 – 5.5 3.0 – 5.0 3.0 – 5.0 185 

InAsSb 100 μm 

ZBLAN 
0.285 – 4.5 3.0 – 5.0 3.0 – 4.5 210 

InAsSb 200 μm 

ZBLAN 
0.285 – 4.5 3.0 – 5.0 3.0 – 4.5 135 

InAsSb 450 μm 

ZBLAN 
0.285 – 4.5 3.0 – 5.0 3.0 – 4.5 75 

InAsSb 600 μm 

ZBLAN 
0.285 – 4.5 3.0 – 5.0 3.0 – 4.5 50 

*Note. The minimum temperatures presented have been rounded to the nearest 5 °C 
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A convolution of the actual transmission curve of the fibre optic and response curve of 

the photodiode, rather than the idealised ‘top-hat’ approximations used, would afford 

more accurate estimation of the minimum temperatures measurable by the different 

thermometer configurations. There would be no additional knowledge provided by 

undertaking this more exact calculation, just improved accuracy compared to the 

estimates calculated and presented in figure 2.7 and table 2.1. 

2.9 Transimpedance amplifier and bootstrapping 

configurations 

The photocurrents generated by the detectors used in the thermometers were 

transformed to measurable voltages using transimpedance amplifiers. The 

transimpedance amplifier configuration included a feedback loop between the output 

and inverting input, as illustrated by figure 1.2 of chapter 1, through which most of the 

photocurrent should flow to generate the output voltage. Ideally, the photocurrent 

would only be passed through the feedback resistor and appear as the TIA output 

voltage: 

𝑉𝑜 =  𝑖𝑝ℎ  𝑥 𝑅𝑓 

where: 

Vo is the TIA output voltage  

iph is the photocurrent 

Rf is the feedback resistance (transimpedance) 

The transimpedance amplifier inputs would be held at the same voltage, ideally with 

the inverting input held at virtual ground with the non-inverting input connected to 

ground when there is no photocurrent flowing. There will always be some offset 

voltage between the inputs of an operational amplifier (op-amp) that leads to there 

being an output voltage offset from zero with no photocurrent generated by the 

photodiode. This offset may be compensated by applying an appropriate voltage to the 

non-inverting input or offset nulling connections that are provided on some op-amps. 

The offset can also be compensated by measuring the zero signal offset using optical 

signal chopping and applying a correction in the thermometer algorithm.  
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Attaching a photodiode with low shunt resistance (shunt impedance, more generally) 

to the inverting input of the transimpedance amplifier leads to non-linear response of 

the thermometer output with varying  shunt current [18] and varying thermometer 

temperature, as described in chapter 1. The variation of the dark current with increased 

electron promotion to the conduction band at increased thermometer temperature is 

particularly troublesome for photodiodes that operate in the MWIR because of the 

small band gap necessary to achieve photosensitivity to this part of the spectrum. The 

smaller energy gap between valence and conduction bands in photodiodes such as the 

InAsSb type allows larger dark current and more drift by the random processes of 

thermal excitation incurred in the diode junction. The problems presented by low 

shunt resistance photodiodes can be compensated, at least partially, by implementing a 

bootstrap impedance multiplier. 

The adaptation from the simple TIA of chapter 1 is illustrated in figure 2.7 that shows 

the addition of bootstrapping. 

 

Figure 2.8 Schematic diagram of bootstrapped photodiode TIA circuit 

The photodiode cathode and anode are held at the same voltage by the bootstrapping 

op-amp, thereby ensuring that it operates in photovoltaic mode, with only a small bias 

applied resulting from any offset in the op-amp. The shunt impedance presented by a 



 

     55 

bootstrapped photodiode, having actual impedance, Zd will be multiplied by a factor of 

the open-loop gain of the bootstrap op-amp, (A+1). The virtual impedance is 

transformed to Zd(A+1) and the resulting higher virtual impedance apparent at the 

transimpedance amplifier input enables the use of high resistance values in its 

feedback loop. The enhanced shunt impedance reduces the shunt current through the 

photodiode, aiming to achieve negligible magnitude and ensures that most of the 

photocurrent flows through the feedback loop, for a range of measurement conditions 

beyond that available from direct connection of the photodiode without enhancement 

by a virtual impedance multiplier. 

The usage of a bootstrapping op-amp introduced additional noise sources from the 

input voltage of the bootstrap amplifier multiplied by the closed–loop gain of the 

feedback resistance and input current presented directly on the feedback resistance. 

The input voltage noise gain of the TIA input would be decreased in comparison to 

connecting the photodiode without the bootstrapping op-amp because the apparent 

detector source impedance had been increased. The noise induced by the feedback 

resistance and TIA input current remained unaffected by the presence of the 

bootstrapping amplifier [Makai & Makai paper]. Overall it has been shown that the 

bootstrapped TIA spectral noise would be increased marginally, for example: rising 

from 42 μV/Hz to 53 μV/Hz in experimental measurements by Makai, Makai and 

Balazas [Makai et al noise measurement paper]. 

Summary of Chapter: Application to Radiation Thermometry 

The radiance temperature of an object can be evaluated from the effect of radiation 

incident upon a photosensitive detector. The resulting thermometer, used with fibre 

optic coupling and for which the output has been calibrated against known blackbody 

radiance temperatures, can be deployed to acquire measurements from objects at 

unknown temperatures. Mid-wave and short-wave infrared radiation thermometers, 

expedited using InAsSb and extended-InGaAs detectors, respectively, were to be 

constructed and tested in laboratory conditions. The thermometers with practical 

calibrations would find application to temperature measurements as substitutes for 

thermocouples, which have been the principal choice of thermometer for embedding 

into objects. Coupling between the object and thermometers would be implemented 
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using sapphire and fluoride glass fibre optics that viewed the object surface to be 

measured, usually with the fibre tip inserted into a blind-end hole. The thermometers 

developed used transimpedance amplifiers that were configured for measurement of 

the voltages transformed from the photo-currents generated by the detectors. The 

photo-currents are characteristic of the radiant emittance received by the photodiode, 

which are analogues of the radiance temperature of the object. The experimental 

development, laboratory characterisation and application testing of the thermometers 

are described in the chapters that follow. 

The configuration of bootstrapped photodiode connected to transimpedance amplifier 

was decided upon for all of the thermometers because the uncooled photodiodes had 

low shunt resistances and would be expected to have non-linear output with varying 

conditions. 
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3 EXPERIMENTAL AND ANALYTICAL 

METHODS DEPLOYED 

3.1 Infrared thermometer configuration 

A series of infrared radiation thermometers (IRTs) were configured to satisfy the 

requirements for reliable temperature measurements applied to the manufacturing 

processes and products that were outlined within the introduction and summarised, as 

follows. Accurate and repeatable temperature measurements are critical to enabling 

improvements in the process control, product quality and the understanding of 

thermal effects during manufacturing and operation [1]–[3]. The principal objective 

underlying the development of fibre optic coupled IRTs was enabling their substitution 

for thermocouples in harsh measurement conditions to improve: resilience to the 

severe conditions incurred, response speed, sensitivity and calibration drift during 

usage. The shortest wavelength ranges over which it was feasible to measure the 

temperature ranges required were used for the configuration of the IRTs.  Using 

shorter wavelengths reduced the magnitude of emissivity errors that contributed to the 

measurement uncertainties. The prototype IRTs, used Indium Arsenide Antimony 

(InAsSb) photodiodes that were sensitive to radiation wavelengths within the mid-

wave infrared radiation (MWIR) part of the spectrum and extended wavelength range 

Indium Gallium Arsenide (extended-InGaAs) photodiodes that were responsive in the 

short-wave infrared (SWIR) part of the spectrum. The longer wavelengths within the 

range of the MWIR version of the thermometer afforded the measurement of 



 

60 

temperatures from a minimum of approximately ambient or room temperature. The 

SWIR versions of the thermometer afforded a range of measurement from a minimum 

of approximately 100 °C. The thermometers developed were suitable for industrial 

temperature measurement and provided sufficiently high responsivity that enabled 

measurement of the low intensity infrared radiation transmitted through a fibre optic 

coupling. The thermometers enabled identification of relatively small changes in signal 

magnitude, affording sensitive measurement. 

The different IRTs were configured to bootstrap the photodiode using an operational 

amplifier (op-amp) voltage follower and transimpedance amplifier (TIA) to transform 

the photocurrent to a readily measurable voltage, a configuration that followed the 

design of Makai and Makai [4] that was described in chapter 2. 

A schematic diagram of the principal components of the bootstrapped photodiode and 

TIA circuit is presented in figure 3.1 

 

 

Figure 3.1 Schematic diagram of thermometer bootstrapped photodiode TIA circuit 

The IRTs used the same circuit configuration, apart from the photodiode types and 

fibre optic coupling materials, that were varied between versions, according to the 
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temperature range to be measured. Specific variations of the circuit developed to 

accommodate additional features included trimming potentiometers to reduce the 

input offset voltage and different op-amps will be described in later chapters. 

The TIA had a feedback loop comprising a resistor-capacitor (R-C) network between 

the output and inverting input of the op-amp and was constructed according to 

manufacturer guidance concerning component selection for standard designs of 

photodiode amplifiers [5], [6]. 

The InAsSb and extended-InGaAs photodiodes had low shunt resistances, achieving 

typical values of 120 kΩ and 14 kΩ, respectively [7], [8]. The low shunt resistances of 

the photodiodes limited the maximum values of transimpedance resistor that could be 

deployed [6], as described in chapter 2. The maximum transimpedance values limited 

the effective amplification of the photocurrent and the minimum temperature that 

could be measured by these thermometers. The low shunt resistance and constrained 

transimpedance values have limited the application of InAsSb and extended-InGaAs 

photodiodes in IRTs, particularly affecting the capability of the thermometers to 

measure lower temperature ranges. Photodiode cooling has been necessary to achieve 

useful lower temperature range measurements using such low shunt resistance 

photodiodes. Nominally, the requirements upon a photodiode are that it has useful: 

sensitivity, repeatability, accuracy and reasonable response speed to changing signals 

[9]–[11]. Makai and Makai developed a method for implementing a boot-strapped 

photodiode connected to  a transimpedance amplifier [9]. This configuration enabled 

low shunt resistance photodiodes to be used with higher transimpedance values by 

elevating the apparent shunt resistance at the TIA input. The bootstrapped photodiode 

and high values of transimpedance enabled measurement of low intensity radiation 

[12]. 

The bootstrapping method was applied to the InAsSb photodiode to enable it to be 

used in a MWIR thermometer without needing cooling. or signal chopping. The 

extended-InGaAs photodiode used, which had response between 0.9–2.6 μm and was 

used uncooled, also used the bootstrapping technique of Makai and Makai to present 

elevated apparent shunt resistance at the TIA input [9] 
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The MWIR and SWIR thermometers developed received unchopped infrared radiation, 

therefore the op-amp used for the TIA needed to have low input voltage offset to be 

able to measure low temperatures. Input bias currents would generate additional input 

voltage offset when passed through a large value feedback resistor, as used in the 

thermometer transimpedance amplifier.  The op-amps chosen for the IRTs developed 

and described in chapter 4, satisfied these requirements. A large feedback resistance 

value was required to maximise the signal to noise ratio [13] which could cause high 

input voltage offset, if it amplified a small offset, therefore a compromise had to be 

found between the offset and transimpedance required to extract a signal from the 

noise. 

3.2 Modelling of op-amp noise and input offset voltage 

Electronic simulation software ‘LTSPICE’, that was provided by Linear Technologies 

Incorporated for modelling systems of integrated circuits, was used to simulate the 

response of the bootstrapped photodiode and TIA circuit to varying photo-current and 

the magnitude of the noise voltage arising at the output across a range of frequencies. 

The circuit was simulated using idealised models of each of the operational amplifiers 

considered for the TIA. The idealised characteristics of common op-amps have been 

defined and encoded as model libraries by manufacturers. The voltage output 

characteristics were modelled as a function of steadily increasing photocurrent, 

represented by a current source, for which the current magnitude was simulated as a 

linear increasing ramp. The noise characteristic of the circuit was simulated as the 

voltage arising at the output as the frequency of signal increased through ten decades 

between 1.0 mHz and 1.0 MHz. The limiting frequencies over which the noise 

characteristics were modelled were chosen to range from near d.c. to exceed the likely 

maximum frequency required in the temperature measurements by two orders of 

magnitude. The spectral noise would be a maximum at d.c. conditions and reduce at 

higher frequencies, therefore, including two orders of magnitude higher frequency 

than the nominal cut-off of the TIA R-C feedback network would provide an estimate 

of the noise that was too large. The noise modelling should be seen as presenting the 

worst-case scenario. 
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3.3 Infrared Fibre Optic Coupling 

Fibre optic coupling of infrared radiation onto the photodiode of the prototype 

thermometer enabled the more sensitive electronics used to measure the voltage and 

infer the object temperature to be positioned remotely from the object undergoing 

measurement. This is advantageous for objects that incur harsh conditions, for 

example: high temperature, rapidly cycling temperature, chemical reactions or 

mechanical and fluid abrasion. The fibre optic materials selected for coupling the IRTs 

developed within this project transmitted appropriate ranges of infrared wavelengths 

that enabled measurement of the object temperatures and remained intact whilst 

subjected to the harsh physical and chemical process conditions into which the fibre 

optic was immersed. 

MWIR Indium Fluoride and ZBLAN glass fibre optics were used to couple infrared 

radiation to the thermometer for mid-to-lower temperature applications for example: 

battery cell temperature measurement and temperature measurement of tool inserts 

during machining. The fluoride glass fibres were chosen for their broad range of 

wavelengths transmitted, that extend to 4.5 μm (ZBLAN) and 5.5 μm (InF3) in the mid-

wave infrared, thereby enabling lower temperature objects to be measured using an 

MWIR Indium Arsenide Antimony photodiode and high value of transimpedance. The 

broader transmission bands of Indium Fluoride and ZBLAN metallic fluoride glass 

fibre optics compared to crystalline sapphire fibre optics enabled lower minimum 

resolvable temperature of circa 30-50 °C to be measured by the prototype thermometer 

configurations coupled to the fluoride glass fibre optics. These configurations provided 

thermometers that would be suitable for measurement of temperatures from near room 

temperature to 1100 °C, with suitable choice of op-amps and supply voltages. Filtering 

the raw signal with a time constant of at least 0.1 s was necessary to measure 

temperatures below 200 °C with the smallest diameter Indium Fluoride fibre optic (100 

μm diameter) that was used during initial prototype thermometer testing. The slower 

response necessary to enable filtering with this period, would impose an upper 

frequency limit upon signals that could be measured of 5 Hz, defined as half of the 

maximum sampling frequency to comply with the Nyquist limit for sampling a signal 

without incurring aliasing [14]. Longer integration or filtering time constants could be 

used to enable measurement of the average signal within the random noise from a low 
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intensity source, however this would reduce the maximum signal frequency that could 

be measured when receiving cyclic signals rather than the steady-state signals acquired 

during the laboratory characterisation measurements. 

3.4 Thermometer characterisation and calibration method 

Prototype thermometers were configured that measured the following infrared 

wavelengths and object temperature ranges, as described in chapters 4 to 6: 

 MWIR thermometers (chapters 4 and 5): 

o 200 °C to 1000 °C 

o 30 °C to 500 °C 

 SWIR thermometer (chapter 6): 

o 100 °C to 1000 °C 

The voltage outputs of the prototype infrared thermometers were characterised under 

laboratory conditions through the range of source temperatures 50 °C to 1000 °C (for 

the higher temperature range versions), 20 °C to 500 °C and 20 °C to 80 °C (for the 

lower temperature range versions). The different temperature ranges over which 

prototype thermometer characterisations were undertaken required three different 

approximate blackbody sources, as follows: 

 Ametek Land Landcal P1200B operated between 600 °C and 1000 °C 

 Ametek Land Landcal P550P operated between 50 °C and 500 °C 

 Ametek Land Landcal P80P operated between 20 °C and 80 °C    

The characterisations were undertaken against these approximate blackbody sources, 

in accordance with the calibration methods for infrared thermometers defined in 

British Standard BS1041 part 5:1989 [15] with the adaptation that the fibre optic 

coupling the infrared to the thermometer was inserted into a source thermo-well, the 

method for which is described in the following paragraph. 

The exposed end of a fibre optic was inserted into a calibration thermo-well adjacent to 

the radiant cavity of a blackbody source. The fibre optic had a length of the core 

exposed at the tip to enable the core to receive radiant heat from all surfaces 

immediately surrounding the fibre. The exposed and embedded fibre optic enabled 

multiple reflections of the radiation emitted from the source and with the length to 
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diameter ratio of the fibre optic exceeding five, allowed enhancement of the emissivity 

at the measurement position to achieve approximate blackbody cavity conditions [16], 

[17]. Infrared radiation from the thermo-well that was coupled into the fibre optic 

through the exposed end was then transmitted to the output end that was mounted 

into an SMA905 optical connector. The radiation was further coupled to the 

photodiode that was mounted on the thermometer printed circuit board (PCB) through 

free space, defined by the output end of the fibre in the SMA905 connector and a 

concentric photodiode mount, all assembled into a short length of lens tube to maintain 

alignment between the fibre core and photodiode. The configuration of the equipment 

used for prototype thermometer voltage output characterisation is represented as a 

schematic diagram in figure 3.2 

 

Figure 3.2 Schematic diagram of laboratory-based configuration used for 

characterisation of prototype fibre optic coupled, mid-wave infrared thermometers 

The blackbody source temperature, measured by the control thermocouple and 

indicated by the controller unit, achieved stable measured temperature equal to the set 

point at each temperature and the source was allowed to achieve steady-state 

temperature prior to undertaking measurements. 

The blackbody source temperatures were checked against thermometers that were 

calibrated against UK Accreditation Services traceable standards at manufacture, 

therefore represented transfer standards that enabled the temperature of the sources to 
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be calibrated prior to characterisation of the thermometers. These calibrations are 

presented in the following section 3.5. 

3.5 Experimental Calibration of Blackbody Sources used in 

Laboratory Characterisation of Infrared Thermometers 

Calibration of the approximate blackbody sources used was undertaken against the 

transfer standard thermometers that were calibrated to traceable national standards at 

manufacture, as described in appendix 2. The blackbody controller temperature set 

points and independently measured temperatures, and the errors between the 

temperature set points (SP) and measured values (MV) were evaluated. The source 

calibrations are presented in the following graphs. 

3.5.1 Landcal P1200B Three-Zone Tube Furnace Calibration 

The higher temperature approximate blackbody source was calibrated using the 

transfer standard type ‘R’ Platinum-Rhodium thermocouple described in appendix 2. 

The thermocouple was calibrated to traceable national standards by the manufacturer 

(Isothermal Technology Limited) at the time of supply, so provided a valid and 

traceable calibration for the blackbody source. The relationship between temperature 

set point and temperature measured by the transfer standard thermocouple is 

presented in figure 3.3 and the error between the set point (SP) and measured values 

(MV) in figure 3.4. 
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Figure 3.3 Landcal P1200B Blackbody Source Calibration Against Traceable Transfer 

Standard Type ‘R’ Thermocouple 

Figure 3.4 Error between set point and measured value for Landcal P1200B 

Blackbody Source Calibration 
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3.5.2 Landcal P550P Portable Blackbody Source Calibration 

The lower temperature approximate blackbody source was calibrated using the 

transfer standard Platinum resistance temperature detector having 100 Ω resistance at 

0 °C (Pt-100 RTD) and for which the traceable calibration is described in appendix 2. 

The Pt-100 RTD was calibrated to traceable national standards by the manufacturer 

(Isothermal Technology Limited, Skelmersdale, UK) at the time of supply, so provided 

a valid and traceable calibration for the blackbody source. The relationship between 

temperature set point and temperature measured by the transfer standard 

thermocouple is presented in figure 3.5 and the error between the set point and 

measured values in figure 3.6. 

Figure 3.5 P550P Portable Blackbody Source Calibration Against Traceable Transfer 

Standard Platinum 100Ω Resistance Temperature Detector 
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Figure 3.6 Error between set point and measure value for Landcal P550P portable 

blackbody source calibration  

3.5.3 Landcal P80P Portable Blackbody Source Calibration 

The Ametek Land Landcal P80P portable approximate blackbody source was 

calibrated against a transfer standard Platinum resistance thermometer having 100 Ω 

resistance at 0 °C (PRT-100) that had been calibrated at manufacture against standards 

that were traceable to national laboratory primary standards. 

The calibration over the temperature range 0 – 100 °C is presented in figure 3.7 and 
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error curves in figure 3.8. 

Figure 3.7 Indicated temperature set point and transfer standard measured 

temperature of P80P blackbody source, and error between indicated and measured 

temperatures 

 

 

Figure 3.8 Error between indicated and measured temperatures of Landcal P80P 

blackbody source 

3.6 Analysis of Thermometer Characteristics 

Applying the Wien’s approximation to Planck’s Law afforded determination of the 

limiting effective wavelength, that is a monochromatic abstraction of the thermometer 

spectral response over a range of temperatures [18] and an interpolation relationship 

between the measured output voltage from a thermometer and the source temperature 

emitting infrared radiation. The characteristics were determined from the voltage 

output measured at known temperatures at regular intervals through the range(s) over 

which the thermometer measured. The higher temperature range thermometers were 
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characterised at 50 °C and 100 °C intervals between 100 °C and 1000 °C, the middle 

temperature range thermometers at 10 °C and 50 °C intervals between 100 °C and 500 

°C and the lower temperature range thermometers were characterised at 5 °C and 10 

°C intervals between 20 °C and 80 °C. The known temperature versus output voltage 

points were used to determine a Sakuma–Hattori interpolation curve [19] for the 

monochromatic, limiting effective wavelength, evaluated from the Wien 

approximation. The interpolation equation enabled any voltage between the minimum 

and maximum output voltages to be interpreted as a temperature between the 

minimum and maximum temperatures against which the thermometer was calibrated. 

The relationship between the natural logarithm of the output voltage from the 

thermometer TIA circuit and the inverse of absolute temperature of the source was 

used to determine the limiting effective wavelength, sensitivity of the thermometer and 

noise limited equivalent temperature resolution according to the equations described 

in chapter 2. These data were used to develop output voltage versus source 

temperature models, against which the measured temperatures were compared to 

assess the validity and uncertainty of measurements. 

Summary of chapter 

The mid-wave infrared (MWIR) and short-wave infrared (SWIR) thermometers have 

been configured to afford as wide a range of temperature measurements as possible, 

without needing photodiode cooling or signal chopping to enhance the measuring 

capability at low source temperatures. The transimpedance amplifier (TIA) circuit 

utilised a bootstrapping technique demonstrated by Makai and Makai [9] to provide a 

stable and elevated apparent shunt resistance at the TIA input, that was suitable for 

use with photodiodes having low shunt resistances. 

The fibre optics were chosen to withstand the harsh conditions to which they would be 

subjected in each application, whilst maximising the signal and wavelength range 

transmitted to satisfy the temperature range over which the infrared thermometer was 

specified to measure. Sapphire crystalline fibre optic was preferred for higher 

temperature applications and low reactivity metallic fluoride glass fibre optics for 

lower temperature applications that required transmission of lower intensity signals. 
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A method of laboratory characterisation and thermometer calibration against 

approximate blackbody sources, based upon BS 1041-5:1989 was used and applied to 

the prototype thermometers. The fibre optics were inserted into thermo-wells on the 

blackbody sources that mimicked being embedded into blind-ended holes drilled into 

objects undergoing temperature measurement. The laboratory characterisation of the 

prototype thermometers provided practical calibrations for the application 

thermometers. 
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4 END MILLING TOOL TEMPERATURE 

MEASUREMENT USING FIBRE OPTIC 

COUPLED, MID-WAVE INFRARED 

THERMOMETER 

The Advanced Manufacturing Research Centre (AMRC), part of the University of 

Sheffield that is engaged with improving manufacturing processes alongside industrial 

partners, required a method of measuring the temperature at the cutting surface of 

machine tools. Understanding the temperature history of the cutting surface during 

machining would assist the AMRC in developing improved tolerances for milling 

operations undertaken on high-value Titanium aerospace components. The research 

undertaken into temperature histories at AMRC often use specialised, very fine wire 

thermocouples embedded into the machine tools but these have limited response 

speeds of several milliseconds and are subject to interference from the high 

electromagnetic fields coupling into the wires. The potential for a fibre optic infrared 

radiation thermometer to substitute for thermocouples in this application would be of 

significant interest to the industrial partners of AMRC and manufacturers more 

widely. 
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Part 1: Laboratory development and characterisation of prototype 

fibre optic coupled, mid–wave infrared thermometer 

4.1 Infrared thermometer configuration 

The first prototype infrared radiation thermometer (IRT) version used an Indium 

Arsenide Antimony (InAsSb) photodiode that generated a photocurrent when exposed 

to mid-wave infrared radiation (MWIR) between the wavelengths 3.0 μm and 5.0 μm. 

The thermometer used the bootstrapped photodiode and transimpedance amplifier 

configuration illustrated in figure 3.1 of chapter 3. 

The effective gain of the transimpedance amplifier (TIA) was defined by the 

transimpedance in the resistor-capacitor (R-C) network and this was chosen to have a 

large value to ensure that the voltage generated from the photocurrent was measurable 

using benchtop instrumentation. The initial laboratory prototype version TIA had 1 

MΩ, 100 kΩ and 10 kΩ feedback resistances that enabled amplification of the 

photocurrent in the range of nano-Amperes (nA) to micro-Amperes (μA) to the 

measurable voltage within the range micro-Volts (μV) to Volts (V) and the capability to 

use different grounded photodiode or bootstrapped configurations. These test features 

were eliminated from subsequent versions of the thermometer that were configured for 

application to the measurement of milling tool temperatures. 

The InAsSb photodiode deployed in the prototype thermometer had a shunt resistance 

specified to be 120 kΩ at room temperature [1], which is a lower shunt resistance than 

would be encountered from Silicon photodiodes that are typically used uncooled and 

have shunt resistances of the order of tens of Gigaohms [2]. The use of large values of 

transimpedance would be necessary to achieve measurements of the weak infrared 

signals incident upon a photodiode from low minimum temperatures. The low shunt 

resistance of the MWIR photodiodes used presented problems when used with high 

values of transimpedance, owing to some of the photocurrent passing through the 

photodiode, rather than generating measurable TIA output voltage. Additionally, 

photodiode bias induced by offset voltage and offset voltage drift, particularly with 

varying thermometer temperature, would lead to higher dark current and non-linear 

output voltage. Typically, cooling is used to reduce the dark current and increase the 

shunt resistance of the photodiode, enabling larger values of transimpedance to be 
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used in IRTs. The prototype thermometers were intended for application in 

constrained spaces, so needed to operate without having photodiode cooling. The 

prototype IRTs used bootstrapping to increase the apparent shunt resistance presented 

to the TIA by the photodiode and maintain near to photovoltaic conditions. The 

thermally induced dark current would not be reduced by this configuration, therefore 

would constrain the minimum temperature to which the IRT could measure. The 

prototype versions of the thermometer for different applications were adapted from 

the laboratory prototype with improvements identified during laboratory 

development, characterisation and initial pilot trials. The thermometers built for 

applications were simplified to the minimal number and size of components on the 

printed circuit board (PCB), thereby achieved a compact size for installation into 

positions with space constraints or requiring low mass added by the thermometer for 

mounting onto moving equipment. 

The initial prototype thermometer for applications was used to measure temperatures 

during end milling and configured using 1 MΩ resistance and a parallel 10 pF 

capacitance to form the feedback R-C network around the TIA op-amp, as used in 

development of the laboratory prototype version of the thermometer. The resistor was 

chosen to afford transimpedance of 106 Ω to generate measurable voltages between 0.15 

mV and 10 V from the minimum and maximum photocurrents delivered by the InAsSb 

photodiode, which were specified by the manufacturer as 150 pA and 10 μA, 

respectively [1]. The R-C network had an integration time constant of 10 μs, therefore 

presented a cut-off frequency of 15.9 kHz to alternating signals. For steady-state signals 

of the type acquired during characterisation, this integration time constant is only 

relevant for ensuring that averaging the measurements is undertaken over intervals of 

sufficient duration to identify the temperature signals from the noise. 

The InAsSb photodiode was presented in a small transistor outline (TO) package, 

designated TO-46. The simplified circuit used for thermometers deployed into 

applications allowed the size of PCBs for these prototype thermometers to be reduced 

from the laboratory prototype, excluding consideration of the external power supply. 

The photodiode was chosen to be the version using the smallest transistor outline 

package available readily without making a bespoke detector. The photodiode also had 
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to be uncooled to minimise the size, whilst  having the largest photosensitive area 

available within the package to achieve the best compromise between size, cost and 

measurement performance. The power supply was mounted separately to the 

thermometer PCB, so did not compromise the PCB size, particularly when the 

thermometer was operated using dry cells, for example: lightweight Lithium-ion 

CR2032 coin cells that were used in the end milling machine trial described later. 

The use of small package sizes and dispensing with ancillary cooling and signal 

chopping in the thermometer enabled the PCB to have a small footprint, achieving 

dimensions of 25 mm x 25 mm. This size was sufficiently small to afford mounting the 

thermometer in locations that enabled short length fibre optics to couple the infrared to 

the detector, whilst isolating the thermometer from the object being measured, for 

example: inside a milling machine chamber. The types of location for which the 

thermometers were designed would not be accessible to thermometers that have larger 

components, for example: heatsinks for rejecting heat from cooling the photodiode and 

electro-mechanical chopping of the infrared signal required for use with a lock-in 

amplifier. The small size of the PCB and surface-mounted components, that formed the 

thermometer signal conditioning electronics, are illustrated in figure 4.1. 
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Thermometer PCB top layer Thermometer PCB bottom layer 

  

Figure 4.1 Top and bottom layers of compact prototype MWIR thermometer, 

illustrating the size of the thermometer PCB and minimal number of components 

The prototype thermometers of this study were constructed manually, hence there 

exists scope to reduce the op-amp, discrete and connector component sizes further and 

use robotic soldering in manufacture. These improvements would enable the physical 

size of the PCB to be minimised and it would be a reasonable expectation that the 

physical dimensions could easily be halved. Use of low cost components was also 

considered a prudent compromise to ensure that total loss of thermometers from 

damage in harsh conditions would not be critical.   

The fibre optic was terminated into an SMA905 fibre optic header that was then 

coupled to a TO-46 mount with the photodiode concentric with and opposite to the 

output end of the fibre optic core. Dow-Corning 3145 silicone adhesive sealant was 

used to hold the photodiode in position within the mount, thereby ensuring retention 

of the sensor concentric with the fibre optic core and sealing of the sub-assembly to 

prevent fluid, dust and debris affecting the fibre optic to photodiode coupling. The 

photodiode was positioned ten millimetres away from the fibre optic output to ensure 
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that the infrared radiation was incident over the whole active area of the photodiode. 

Measurements of the field of view incurred by the thermometer, described later in this 

chapter (see section 4.2.4) indicated that the active area of the photodiode was over–

filled, therefore decreasing the intensity of radiation that was received below the 

maximum. 

The signal to noise ratio was increased in the prototype by covering the photodiode 

active area fully without over-spill of the infrared radiation incident upon it, therefore 

utilising the maximum signal intensity possible to generate photocurrent. This 

improvement should afford the lowest minimum temperature measurable from each 

configuration of photodiode, transimpedance resistor value and fibre optic 

transmission band that was trialled. 

The potential to measure temperatures above the maximum 1100 °C attained in 

laboratory characterisation, whilst also retaining the low temperature capability of the 

thermometer, exists with suitable choices of feedback resistance and capacitance 

values, op-amp used in the transimpedance amplifier, power supplies and filtering. 

Further filtering to enable the temperature signal to be identified from the noise could 

be undertaken either during signal acquisition or post-acquisition signal processing, 

within an external data acquisition system. 

The transimpedance resistor also contributes to the definition of the bandwidth of the 

circuit and may require the resistance to be reduced to accommodate capturing signals 

from broad bandwidth. Equally the introduction of amplifier, resistor and component 

noise sources affects the thermometer minimum temperature resolution, so 

compromises chosen to maximise one parameter need to be judicious and may need to 

be revised to provide optimised performance for specific requirements, for example: 

shorter integration time to capture higher frequency signals or higher transimpedance 

to capture weak signals. 

The full circuit diagram of the thermometer PCB without input voltage offset trimming 

that was developed for the end milling machine application is presented in figure 4.2. 

The PCB track and component layouts for the top and bottom layers are presented in 

Appendix 3. 
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Figure 4.2 Circuit diagram for infrared radiation thermometer using bootstrapped 

InAsSb photodiode and high value of transimpedance but excluding offset trim   

The prototype thermometer TIA circuits used op-amps chosen to have sufficiently low 

input voltage offset, voltage noise, input current noise and input bias current to enable 

the measurement of output signal variations of the order of 0.01 mV, whilst not 

incurring high costs. The op-amps used were further constrained to be capable of 

operating from low voltage power supplies, for example, enabling operation from 

paired CR2032 button cells. 

This prototype was developed further to introduce an input voltage offset trim to the 

non-inverting input of the TIA stage to minimise this offset and source of uncertainty 

in the output voltage, thereby enabling subsequent amplification of the signal without 

constraining the range of the measurement. Variants of these PCBs were developed 

that used single-side voltage supply (0V and +V) to enable lightweight, coin cells or an 

induction loop to provide the power supply more easily. The op-amps were chosen to 

have the same 8-pin, small-outline integrated circuit (SOIC) footprint and pin 

configuration for these PCBs to afford interchangeability of the components between 

circuit variants. 

1
3

INASSB
PHOTODIODE

InAsSb PD

+5V

GND

VCC

GND

PD BOOTSTRAP PD TIA

POWER CONNECTOR AND DECOUPLING

InAsSb PHOTODIODE DRIVER BOARD ADH AUG 2018

+5VGND

R2

1.00M

R6
51

C5

0.5pF

C1

0.33u

C2

0.1u

C3

0.1u

GND

V
I

1
V

O
3

GND
2

U3
78L05

32

6

74

U1

LT1012

+5V
GND

C4

0.1u

3

2

6

7
4

U2

LT1012

1 2

J2
CONN-H2

GND

R1
100

V
I

2
V

O
3

GND
1

U4
79L05

GND

C6

0.33u

C7

0.1u

-5V

GND

C8

0.1u

-5VGND

C9

0.1u

-5V

1

2

3

J1

CONN-SIL3



 

     81 

 

The addition of input voltage offset trimming potentiometers for the TIA non-inverting 

input and certain op-amps increased the depth of the PCB to approximately 10 mm to 

15 mm, owing to the height of these components mounted on the underside of the 

thermometer board. The 25 mm x 25 mm square footprint of the PCB was not affected 

by the addition of the trimming potentiometers. The additional height may be 

undesirable for mounting thermometers in some processes that require the PCB to 

present the smallest obstruction achievable but would not prevent their use in many 

cases where this would not be a consideration. 

Each of the application thermometers configured used a derivative of the circuit 

illustrated in figure 4.2. 

If photodiode cooling was added to the thermometer PCB, it would be possible to 

improve the capability of the thermometer to achieve lower minimum measurable 

temperature than the bootstrapped thermometer presented here. This would 

compromise the compact size of the thermometer PCB and disallow its use in 

applications that needed this advantage but may be appropriate for applications with 

more space available for mounting the thermometer. 

4.2 Laboratory prototype thermometer characterisation 

against blackbody source temperatures 

The characterisation of the laboratory prototype mid-wave infrared, fibre optic 

coupled, thermometer that is presented in this chapter, was undertaken according to 

the experimental methods described in chapter 3. Refinement of the initial laboratory 

prototype thermometer, following experimentation and further development led to the 

configuration of the small-sized prototype thermometers that were suitable for 

applications incurring harsh conditions. 

4.2.1 Thermometer output voltage characteristic 

The thermometer output voltage was recorded for signals that registered a 

continuously measurable value that could be identified above the noise, at least 

qualitatively. The thermometer output voltage characteristic with increasing object 
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temperature achieved and the estimated uncertainty around the measurement values 

calculated are presented in figure 4.3. The estimated uncertainty represented on figure 

4.3 was the mean standard deviation of measurements recorded during calibration of 

the thermometer against known, steady-state temperatures. 

Figure 4.3 Prototype Infrared Thermometer Blackbody Source Temperature versus 

Voltage Output Characteristic Measured under Laboratory Conditions 

The output voltage measured had a range between 0.0035 mV (3.5 μV) at 200 °C and 

2.982 mV at 1000 °C source temperatures. The minimum blackbody source temperature 

for which the prototype thermometer response exceeded the noise sufficiently to afford 

continuous measurement without averaging over durations of the order of seconds, 

was 200 °C. In principle, the minimum source temperature that the thermometer 

should be capable of measuring would be when the signal to noise ratio (SNR) is unity, 

which would suggest the minimum temperature measurable with this configuration of 

thermometer should be approximately 100 °C. The measurements acquired needed to 

be averaged continuously over several seconds duration to identify the measurement 

at 100 °C, therefore the thermometer would not be usable readily to measure objects at 

this temperature, unless the temperature was either at steady-state (as was the case for 

the practical calibration undertaken in laboratory characterisation) or only slowly 
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changing conditions. The practical minimum temperature was defined as 

approximately 200 °C. 

The natural logarithm of the output voltage from the thermometer (Ln(Vo)) can be 

characterised as an inverse function of the absolute temperature (1/T), according to the 

expansion of the ratio of band radiances calculated using the Wien approximation and 

described in equation (2.13) of chapter 2. The 1/T versus Ln(Vo) curve measured for the 

laboratory prototype thermometer is presented in figure 4.4. 

 

Figure 4.4 Graph illustrating 1/T versus Ln(Vo) for the laboratory prototype IRT and 

residual error between the linear model and measured data 

The 1/T versus Ln(Vo) curve should have a linear characteristic throughout its range to 

the first order expansion presented by Hahn and Rhee [3] and it was evident that this 

relationship held true for the higher temperature measurements (smaller values of 1/T) 

and until the source temperature was below approximately 200 °C (1/T value of 

0.0021). At lower temperatures, the noise magnitude was comparable to or greater than 

the signal, which led to the curvature observed in the characteristic and illustrated to 

the right hand side of figure 4.4. The thermometer should be used to measure 
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temperatures within the range where the 1/T versus Ln(Vo) characteristic was 

approximately linear, therefore exceeding the practical minimum temperature 200 °C. 

The voltage output from the prototype thermometer demonstrated low sensitivity, 

achieving a mean value across the range measured of 3.72 μV/ °C. The infrared 

radiation power incident upon the photodiode and the low sensitivity of the 

photodiode to that incident radiation compared to other photodiodes, such as: Silicon, 

Mercury Cadmium Telluride and Indium Gallium Arsenide [1], [4], alongside the 

transimpedance used to amplify the signal, dictated the low sensitivity. Improvement 

of the thermometer sensitivity would require higher incident radiation power on the 

photodiode and higher transimpedance in the amplifier configuration. The narrow 

waveband over which the thermometer responded was defined by the product of the 

sapphire fibre optic transmission band (nominally 0.7 – 3.5 μm) and photodiode 

response band (nominally 3.0 – 5.0 μm) curves, resulting in the expected operating 

wavelength range being limited to 3.0 – 3.5 μm. The product of the fibre optic 

transmission and photodiode sensitivity curves limited the radiation that was incident 

upon the photodiode, therefore the response of the thermometer. The theoretical 

minimum temperature that could be measured by the thermometer was calculated to 

be 227 °C, based upon estimating the transmission and response between exactly 3.0 

μm and 3.5 μm, as described in chapter 2 and appendix 1. The minimum temperature 

measurable that was established by experiment is lower than the calculated value 

because the fibre optic transmission and photodiode response curves extended beyond 

the nominal cut-off wavelengths, thereby affording marginally higher infrared 

intensity to be transmitted and wider range of wavelengths to which the photodiode 

responded. 

4.2.2 Thermometer voltage output noise 

The minimum temperature that the thermometer would measure can be defined by the 

resolution that the noise magnitude affords, calculated as an equivalent temperature 

based upon manipulating the Wien approximation, as described in chapter 2. 

The noise magnitude was defined as one sample standard deviation of the signal 

measured and the signal to noise ratio (SNR) as the mean value of sample 

measurements divided by the sample standard deviation. These definitions of noise 
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magnitude and SNR assumed that the noise was distributed normally around a central 

mean value that defined the signal value. The assumption of normal distribution of the 

noise will be valid for shot noise and Johnson noise [5], which are the principal types 

associated with the thermometer. 

An example of the typical data recorded from the thermometer and blackbody source 

temperature measurements after the source had settled at a steady–state temperature 

of 900 °C is presented in figure 4.5. This sample of measurements was extracted from a 

recording of data that started with the furnace at room temperature at zero elapsed 

time, to achieving stable temperature set point after approximately two hours. This 

figure illustrated the thermometer noise and continuously-averaged signal within the 

measurements at steady–state temperature over a duration of eighty minutes, with the 

blackbody furnace having achieved equilibrium between heat input and losses. 

Figure 4.5 Typical data recorded from the thermometer and blackbody source 

temperature measurements, illustrating magnitude of noise and signal, including 

the continuously averaged signal 

It was evident that the noise magnitude represented deviations of less than 0.1% 

around the mean signal value of 903.35 °C, therefore the signal would be identified 

from the noise quickly at these higher temperatures. The noise at lower temperatures 
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represented a larger proportion of the mean signal, with the consequence that poorer 

resolution was achieved from the lower magnitude signals, thereby requiring longer 

averaging durations to identify the signal from the noise. 

The noise limited temperature resolution and SNR measured for the prototype 

thermometer are presented in figure 4.6. The error bars illustrating the uncertainty of 

the noise equivalent temperature resolution calculations were representative of the 

standard deviation around the measurements upon which the calculations were based. 

 

Figure 4.6 Graph of noise limited equivalent temperature measurement resolution 

and signal to noise ratio calculated for prototype sapphire fibre optic coupled IRT 

The sapphire fibre optic limited the range of infrared wavelengths transmitted and the 

transimpedance resistor value used in the laboratory prototype thermometer limited 

the effective gain by which the photocurrent was multiplied. These constraints led to 

the limitation upon minimum temperature measurable and the noise limited 

equivalent temperature resolution calculated. Different fibre optics, affording a wider 

range of MWIR wavelengths to be transmitted and using a higher value of 

transimpedance in the amplifier could improve the capability of the thermometer to 
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measure lower temperatures and improve the resolution of the measurements. The 

fibre optic material would need to be capable of surviving the harsh conditions to 

which it would be subjected to provide useful coupling to the thermometer, of course. 

The effective gain achieved by increasing the transimpedance resistor value would 

need to maintain a stable output voltage from the thermometer for a steady-state 

source temperature measured, to be useful. 

4.2.3 Thermometer output voltage modelling  

The thermometer output voltage characteristic variation with object temperature was 

modelled based upon the Planck form of Sakuma–Hattori interpolation equation [6] 

with the limiting effective wavelength calculated from the Wien approximation, as 

described previously in chapter 2. The modelled and measured voltage outputs from 

the thermometer through the range of source temperatures 100 °C to 1000 °C are 

presented in figure 4.7. Comparison of the thermometer output voltage characteristic 

that was measured and the output voltage modelled, demonstrated that the curves 

were coincident within the uncertainty of the measurements above 200 °C but diverged 

below this temperature. 
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Figure 4.7 Prototype thermometer measured and modelled output voltage versus 

source temperature curves with the standard deviation of output voltage 

measurements represented by error bars 

The similarity of the measured and modelled thermometer voltage output curves 

demonstrated that the thermometer characteristic based upon the laboratory 

calibration afforded estimation of the thermometer response and uncertainty around 

the measurement when applied to temperature measurements in a process. 

The sapphire fibre optic coupled infrared thermometer achieved a Sakuma-Hattori 

curve fit [6], [7] with the scalar coefficient 0.1516 V (151.6 mV) through the temperature 

range 100-1000 °C for a limiting effective wavelength of 3.2 μm. This scaling factor and 

limiting effective wavelength can be used to estimate the thermometer response 

expected when measuring any object temperature, for example, the expected output of 

the laboratory prototype sapphire fibre optic IRT measuring objects at 293 K (20 °C) 

and 1773 K (1500 °C) would be 5.7 nV and 9.55 mV, respectively. The photocurrent 

generated measuring an object at 20 °C would not translate to a readily measurable 

voltage, with the 1 MΩ transimpedance used in this configuration. The root mean 

square (RMS) noise magnitude observed from the measurements at ambient 

temperature was 10 μV, therefore the noise was three orders of magnitude larger than 



 

     89 

the signal at 20 °C. The initial laboratory prototype thermometer configuration would 

not be capable of measuring objects at temperatures approaching room temperature. 

The fibre optic coupled thermometer achieved residual errors of less than or equal to ± 

5 °C between the measured and calculated radiance temperatures between 250 °C and 

1000 °C, as illustrated in figure 4.8. 

Figure 4.8 Thermometer radiance temperature error calculated as (temperature 

measured – temperature modelled) and standard error of that calculation 

The error between the measured and modelled temperatures increased below 200 °C, 

with the uncertainty representing 30% of the measurement at 100 °C. The noise limited 

resolution of the thermometer, for which the signal magnitude fell below the noise 

magnitude, was reached at 200 °C therefore measurements below this temperature 

became increasingly uncertain and could not be measured without continuous and 

long duration averaging to extract the mean temperature signal. 

4.2.4 Evaluation of radiation coverage of photodiode active area 

Field of view (FOV) measurements were undertaken to assess the proportion of the 

photodiode active area exposed to the incident infrared radiation and appraise 
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whether the signal could be increased by adjustment of the ‘optical’ coupling to 

provide maximum coverage of the photodiode without over-filling. The optimum 

condition would be to achieve 100% coverage so that the radiant power transfer was 

maximised, thereby optimising the signal intensity and SNR. 

The FOV measurements, normalized with respect to the maximum photodiode output 

voltage, attributed to the incident signal intensity measured without an aperture 

obscuring part of the source, are presented in figure 4.9. These measurements 

demonstrated that the minimum aperture that did not cause more than 10% signal loss 

was approximately 20 mm diameter when mounted at 68 mm distance from the fibre 

optic receiving end. The linear FOV was evaluated from these measurements to be 

3.4:1 to 90% power and this yields an equivalent planar included angle of the 

acceptance cone into the fibre optic of 20.8°. The conical angle inferred from the 

measurement contrasts with the specification for the numerical aperture of the fibre 

optic of 0.26, equivalent to 25.4° planar included angle of the acceptance cone. It may 

be inferred by comparison of these geometries, that the active area of the photodiode 

was overfilled by 48% in the test configuration. Ensuring that the active area was fully 

covered by radiation without over-filling would be expected to increase the signal to 

noise ratio, therefore enable measurement of lower temperatures than achieved during 

the characterization tests. 

Installing a pair of aspheric lenses, positioned as a collimating lens pair, to collect and 

focus the infrared radiation onto the photodiode active area, could also provide full 

coverage of the photodiode by incident infrared radiation, thereby improved response 

to lower temperature objects. This would present additional mass and could increase 

the dimensions of the thermometer, so may not be ideal for applications that require 

the small size and mass of the prototype thermometer. 
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Figure 4.9 Variation of field of view measured for fibre optic thermometer to assess 

proportion of photodiode that accepted radiation 

4.2.5 Estimate of temperature measurement uncertainty of prototype 

thermometer 

The uncertainty of individual measurements acquired using this thermometer system 

has been estimated, based upon the individual contributions from the equipment used 

in calibration and measurement, and from the measurements acquired using the 

thermometer during laboratory characterisation. The estimated contributions 

considered in the estimate and arising from the equipment and from the measurement 

are presented in Tables 4.1 and 4.2, respectively. 
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Table 4.1 Contributions of calibration uncertainties to measurement uncertainty 

(K=2) 

Source 

Temperature °C 

Calibration 

Thermocouple 

Uncertainty% 

Calibration 

Blackbody 

Uncertainty% 

Calibration 

Instrument 

Uncertainty% 

Digital Multi-

meter 

Uncertainty% 

200 0.4 0.14 0.2 0.0085 

1000 0.08 0.03 0.04 0.0085 

Table 4.2 Contributions of measurement uncertainties to measurement uncertainty 

(K=2) 

Source Temperature °C 
Infrared Thermometer 

Variability in Usage% 

Interpolation Error of 

Thermometer Mean 

Measurement% 

200 1.2 2.0 

1000 1.1 2.0 

The overall uncertainty varied from 2.4% at 200 °C to 2.3% at 1000 °C. The largest 

individual contributions to the uncertainty arose from the variability in the infrared 

thermometer measurements and the error arising from the interpolation used to 

convert between the output voltage and temperature. The uncertainties that arose from 

the calibration equipment can be neglected without detriment to the uncertainty 

estimate, therefore the uncertainty estimation of the thermometer can be simplified. 

The uncertainty arising from the in-use variability of the measurements and 

interpolation error can be reported as the uncertainty of the thermometer. 

Having demonstrated the capability of the thermometer under laboratory conditions 

and with no constraints upon the physical size of the thermometer PCB, this prototype 

was developed into a number of prototypes for trial applications. The prototypes were 

used in conditions that imposed constraints upon the size that the thermometer could 

occupy and required the infrared signal to be gathered from objects subjected to harsh 

conditions. Eliminating heatsinks, photodiode cooling and associated control circuit 
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and signal chopping afforded configuration of prototype thermometers on 25 mm x 25 

mm footprint PCB that had the height of the surface mounted components only. 

The prototype thermometers with fibre optic coupling developed for applications were 

characterised under laboratory conditions, using the methods described in chapter 3. 

The characterisation of the prototype thermometers was undertaken measuring 

radiation from blackbody sources within the temperature range 25 °C (for the lower 

temperature measuring prototype thermometer versions only) to 1100 °C (the 

maximum temperature for which calibration of the transfer standard thermometer was 

valid). This range of temperatures is useful for infrared thermometers intended for 

measuring material cutting temperatures [8], [9], battery cell temperatures during 

cycling and failure [10]–[12] and heating processes [13], [14]. A number of prototype, 

mid-wave infrared (MWIR) thermometers were used in applications, for which the 

fibre optic was embedded into the object being measured and the thermometer 

positioned externally. 

Summary of part I laboratory development and characterisation of 

IRT 

The laboratory prototype thermometer demonstrated the feasibility of measuring 

object temperatures in the range 200-1000 °C, using an uncooled, mid-wave infrared 

photodiode that received unchopped radiation. The thermometer achieved 

measurement uncertainty within ±2.5 % throughout this temperature range. 

The variation of the thermometer output voltage with multiple known source 

temperatures was measured to generate a working calibration of the thermometer. The 

output voltage variation with source temperature was characterised using Wien’s 

approximation of Planck’s Law of Thermal Radiation and modelled using the Planck 

form of Sakuma–Hattori curve fit. The model enabled interpolation of the characteristic 

to calculate any unknown source temperature from the output voltage measured 

within the range over which it was calibrated. 

Further prototype thermometers, using similar designs were configured for application 

to processes that demanded a compact size, the ability to work under harsh conditions 
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and the capability of measuring over temperature ranges that were comparable to 

thermocouples embedded into a target object. 

The feasibility of using a fibre-optic coupled, mid–wave infrared thermometer to 

substitute for thermocouple temperature measurements, when the target object incurs 

high temperature conditions, has been demonstrated under laboratory conditions. 

Part II: Application of prototype thermometer to cutting surface 

temperature measurement during end milling 

4.3 Configuration and calibration of prototype application 

IRT 

The first version of the prototype infrared thermometer (IRT) intended for application 

to a measurement undertaken in harsh conditions was based upon the laboratory 

prototype IRT. The application IRT used similar components and configuration to the 

laboratory prototype IRT but utilised the smaller sized surface-mount devices and 

excluded the switches and components that enabled testing of the development 

version thermometer. 

4.3.1 Configuration of end milling application thermometer 

The prototype IRT developed for measuring end milling tool temperature used a fibre 

optic embedded into the tool insert to transmit infrared radiation from the cutting 

surface to the thermometer printed circuit board (PCB). This prototype thermometer 

used an Indium Fluoride (InF3) fibre optic with a 100 μm diameter core. This fibre optic 

afforded wavelengths between 0.2 μm and mid-wave infrared radiation at 5.5 μm to be 

transmitted and was more flexible than the sapphire used in laboratory testing. 

The thermometer PCB had a small size compared to the dimensions that would have 

been necessary to accommodate photodiode cooling components and optical signal 

chopping components and the controllers necessary to operate these. The reduction of 

the physical size of the thermometer PCB was essential to afford mounting of the 

device onto the rotating spindle of an end milling machine. This application required 

the thermometer to have a low mass to minimise the likelihood of causing either 

eccentricity of the shaft rotation or ejection of the thermometer PCB into the machine. 
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The fibre optic coupling between the cutting tool and IRT was embedded into a ‘blind’ 

hole comprising a cylindrical bore entering from the rear of a cutting tool ‘insert’ (the 

part of the tool that performs the cutting action) that ended approximately 0.5 mm 

from the surface of the insert. The IRT transimpedance amplifier (TIA) was positioned 

remotely from the cutting tool to obviate exposure of the electronics to the conditions 

at the milled surface. 

The range of temperatures incurred within cutting processes, which has been 

suggested to be approximately 100 °C to 1000 °C [15] dictated that the thermometer 

should respond to mid-wavelength infrared (MWIR) radiation. 

The short duration over which the tool would be cutting dictated that a thermometer 

suitable for measuring the transient temperature of the tool surface must have speed of 

response to a changing signal of 1 ms or faster [8]. 

The ‘blind’ hole into which the fibre optic would be inserted had a length to bore ratio 

exceeding five, with the fibre optic core exposed along the length of the embedded end 

for a similar ratio of length to diameter, thereby providing a means of collecting 

radiation from the internal surface area near to the end of the hole. The depth to bore 

ratio of this size of blind hole and using the exposed fibre optic tip embedded into it 

would ameliorate the problem of having to compensate the measured signal for the 

effect of the relative emissivity of the radiating object because the conditions 

approximate to a blackbody [16], [17]. 

4.3.2 Prototype application thermometer characterisation. 

The application prototype IRT with Indium Fluoride fibre optic coupling was 

characterised against approximate blackbody source temperatures between 100 °C and 

1000 °C, using the same experimental method described in chapter three ‘Experimental 

Methods’ for characterising the laboratory prototype IRT. The application prototype 

IRT characteristic demonstrated monotonically increasing output voltage with 

temperature, similar to the laboratory prototype IRT. The application prototype 

thermometer had a higher magnitude output voltage at similar source temperatures 

owing to the wider range of wavelengths transmitted to the photodiode. The 

thermometer demonstrated similar magnitude of noise limited resolution 
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characteristics to the laboratory prototype thermometer, with elevated uncertainty at 

lower temperatures. The characteristics measured for this prototype thermometer are 

presented in figures 4.10 to 4.12. 

The configuration of the first version of the application prototype thermometer was 

similar to the laboratory prototype thermometer, both having 1 MΩ transimpedance 

and using Linear Technologies LT1012 precision operational amplifiers (op-amps) for 

both the bootstrapping/voltage follower and transimpedance amplifier (TIA). The non-

inverting input of the TIA was connected to the 0V line defined between the positive 

(+5 V regulated) and negative (-5 V regulated) power supplies. The principal 

differences between the two versions of the thermometer were: the use of surface 

mounted components for the application prototype thermometer, to create the 25 mm x 

25 mm transimpedance amplifier PCB and the fibre optic material used to couple the 

sensor to the object being measured. 

Figure 4.10 InF3 fibre optic coupled infrared thermometer TIA output voltage 

variation with blackbody source temperature characteristic 
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Figure 4.11 Characteristic natural logarithm of the thermometer output voltage 

versus inverse of absolute temperature curve for the InF3 fibre optic coupled 

prototype infrared thermometer for machining applications 



 

98 

Figure 4.12 Noise limited equivalent temperature resolution and SNR of InF3 fibre 

optic coupled prototype IRT for end milling application 

The characteristic thermometer output voltage variation against source temperature, 

with extrapolation beyond the upper and lower blackbody source temperatures 

measured, was used as a practical calibration for the thermometer. A model of the 

output voltage versus temperature curve was defined using the Sakuma-Hattori 

equation for interpolation and extrapolation [6]. The curve fit achieved the scaling 

coefficient 141.6 mV through the temperature range 200-1000 °C at a limiting effective 

wavelength of 4.1 μm. This practical calibration of the thermometer afforded 

estimation of the cutting tool insert temperatures during end milling of a sample 

Titanium plate. 

4.4 Application of IRT to cutting tool temperature 

measurement  

The application MWIR thermometer, with fibre optic coupling, was used to measure 

the surface temperature of a cutting tool insert during end-milling of Titanium plate. 

The tool holder rotated at several thousand revolutions per minute and the whole unit 

was swept along the length of the stationary work-piece, whilst varying the lateral 

depth of cut and vertical depth of cut/height of the tool. Four triangular-shaped tool 
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inserts (as illustrated in figure 4.14) mounted on the tool holder performed the actual 

cutting process as the holder was driven along the plate. The configuration of milling 

head, tool inserts and work-piece, along with the fibre optic embedded into the tool 

insert are illustrated in figures 4.13 and 4.14. 

 

 

 

Figure 4.13 Milling machine set up for trial of MWIR thermometer, with annotation 

of the key features of the trial arrangement. 
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Figure 4.14 ‘Indexable’ milling tool head and cutting tool inserts, illustrating path of 

fibre optic embedded into the back of the tool insert and through the tool head, then 

exiting to pass along the machine driveshaft to the thermometer. 

 

Development of the laboratory prototype led to a successful configuration comprising 

two Linear Technologies LT1012 precision operational amplifiers (op-amps). The op-

amps were eight-pin, surface mount, integrated circuit components and were used in 

the bootstrapping/voltage follower and transimpedance amplifier (TIA) stages, as 

described in chapters 2 and 3. The feedback to the inverting input of the TIA comprised 

1 MΩ resistance and 10 pF capacitance positioned in parallel that formed a resistor-

capacitor (R-C) network with an integration time constant of 10 μs. The R-C network 

integration time constant determined an alternating signal cut-off frequency of 15.9 

kHz, which was sufficiently high to capture signals from milling at the expected 

sample interval of 1 ms, that is equivalent to capturing a 1 kHz signal, without loss. 

The thermometer PCB was mounted inside the milling machine, attached to the 

vertically-oriented, rotating spindle and coupled directly to the output end of the fibre 
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optic, the opposite end of which was embedded into the dead-end hole in the cutting 

tool insert. The inserted depth of the fibre optic that was also exposed to the inner 

surface of the dead-end hole represented measurement from a cavity that 

approximated blackbody conditions, similarly to the laboratory characterisation tests, 

described in chapter 3. The dead-end hole was formed to provide a clearance fit 

around the fibre optic, having a diameter that was marginally larger than a ‘size-for-

size fit’ for the exposed fibre optic core diameter. This sizing was intended to minimise 

the chance of damaging the fibre optic during insertion and by movement once it was 

mounted in position. A silicone-based adhesive and sealant (Silicone 3145 from Dow 

Corning Chemical Company) was used to seal the fibre optic at the exit point of the 

hole and to secure the inner protective jacket to the back surface of the cutting tool 

insert. The sealant ensured that the fibre optic stayed in position during manipulation 

and testing, whilst minimising stresses that could break the short length of exposed 

core. The fibre optic was further protected by self-adhesive glass fibre reinforced tape 

that bound it to the milling machine tool holder, thereby restricting any movement that 

could occur and damage to the fibre optic caused by external bodies. 

The cutting tool insert was subject to the harsh conditions of cyclic temperature and 

abrasion against the metal surface and impact from loose ‘swarf’ ejected by the milling 

operation. The thermometer system developed had 25 mm x 25 mm footprint and 

small mass to mitigate against any potential problems induced by mounting the 

thermometer on the rotating spindle within the machine, particularly: imposing 

eccentricity on the rotation of the spindle or the thermometer board becoming loose 

and being ejected into the machining chamber. The fibre optic used in the prototype 

trials was Indium Fluoride (InF3), which was capable of withstanding the temperature 

to which the cutting tool body was exposed and transmitted longer wavelengths than 

the original sapphire fibre optic. This enabled a lower temperature to be measured 

than the laboratory prototype allowed, with the voltage output versus temperature 

curve determined using extrapolation of the Sakuma – Hattori curve fitted to the 

calibration measurements. 
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The compact, InF3 fibre optic coupled, infrared thermometer was used to measure the 

temperature of a milling tool insert during cutting passes of an end mill across a 

Titanium plate. The temperature measurements acquired during initial testing of the 

thermometer with an Indium Fluoride fibre optic embedded into the cutting tool insert 

and the continuously averaged mean are presented in figure 4.15. 

Figure 4.15 Measurements and continuously averaged mean of cutting tool 

temperature during end milling of Titanium plate 

The continuously-averaged mean temperature demonstrated increasing cutting tool 

temperature during the milling head pass, with a similar shape observed to the time 

versus temperature characteristic measured using an embedded thermocouple during 

a separate set of cutting tests and with the measurement made using a different cutting 

tool insert and illustrated in figure 4.16. The signal measured using the prototype 

MWIR thermometer was noisy, with any cycles of the temperature present within the 

cutting progress being hidden by the peak-to-peak noise. There may be scope to 

increase the signal filtering or increase the duration over which continuous-averaging 

was undertaken to eliminate more of the noise, accepting that there would be a 

consequent loss of information because the upper and lower bounds of the signal could 

be clipped by filtering and the signal magnitude reduced by averaging. 
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Figure 4.16 Thermocouple measurements of cutting tool insert surface temperature 

during separate trials of end milling of Titanium plate. 

The shape of the temperature curve from the IRT in figure 4.15, rising from the initial 

temperature to a plateau compares with similar cutting operations measured by an 

embedded thermocouple and presented in figure 4.16. The IRT data had not captured 

the start and end points of the process or the variations fully but some part of the 

temperature curve only. Although not capturing the temperature changes of the tool 

fully during this trial, this graph demonstrated that it was feasible to measure 

temperatures from a fibre-optic cable embedded into a cutting tool insert, in principle. 

The fibre optic used in the milling trials proved to be susceptible to damage by the 

metal ‘swarf’ that is formed during cutting and stress from being bound tightly to the 

rotating machine spindle. The swarf sometimes became caught temporarily by the 

rotating milling head and created a flailing length of metal that could be seen to 

present a risk to any sensitive equipment mounted on or adjacent to the milling head. 

The fibre optic was found to have broken at the position that it was embedded into the 

cutting tool insert, where a short length of the fibre was exposed from the outermost 

protective jacket to allow the adhesive to bond the fibre into the hole and seal the inner 

jacket onto the rear surface of the cutting tool. The prototype thermometer fibre optic 

embedding method proved to be insufficiently robust to capture multiple passes of the 



 

104 

cutting tool head along the plate. The weakness introduced by having the protective 

jacket stripped back to enable embedding of the fibre optic into the cutting tool insert 

and adhesion/sealing of the inner jacket onto the back of the tool insert surface would 

need to be improved to afford successful substitution for thermocouple temperature 

measurements in machining processes. 

The sensitivity of the fibre optic coupled MWIR thermometer used in the cutting trials 

was low, achieving TIA output voltages of 13.7 μV at 100 °C source temperature, 10.6 

mV at 1000 °C source temperature and a mean value of ∆Vo/∆T of 11.8 μV/ °C through 

the source temperature range 100-1000 °C. The sensitivity of the thermometer was 

demonstrated have a similar order of magnitude to thermocouples, so would need to 

be increased to afford higher signal to noise ratio necessary for faster signal acquisition 

of low temperature radiation. The fibre optic used in the trial had a 100 μm diameter 

Indium Fluoride glass core. Fluoride glass fibre material can be formed into larger 

diameters, providing signal throughput that increases by a factor of the square of the 

diameter. One consequence of increasing the fibre-optic cable diameter is that the 

minimum bend radius that can be accommodated before the glass of the fibre optic 

incurred fracturing increased, presenting additional challenges to mounting the cable 

inside a machine. Maximising the fibre optic core diameter that can be embedded into 

a process would provide the maximum signal to noise ratio possible for a given tool 

insert and hole diameter. The diameter chosen is compromised by the reduction in 

cable flexibility and increased minimum bend radius of larger diameter fibre optics. 

Further improvement of the minimum temperature measurable by the thermometer 

could be achieved by increasing the transimpedance value to increase the effective gain 

of the TIA. The maximum value of the feedback resistor would be constrained to 

approximately 8 MΩ owing to the increased integration time of the R-C network and 

lower cut-off frequency for alternating signals that would occur in consequence. 

Summary of application of prototype IRT to end milling 

The prototype MWIR thermometer was used to measure the surface temperature of a 

cutting tool insert on an end milling machine. The exposed tip of a small diameter fibre 

optic was embedded into a 0.5 mm diameter dead-end hole, that was bored from the 

back surface of the tool and finished at a position 0.5 mm below the cutting surface. 
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This hole acted as an approximate blackbody and the infrared radiation emitted from 

the surface of the tool whilst it was heated during contact with the work–piece was 

coupled to the thermometer via the fibre optic. The configuration of the hole into 

which the fibre optic was embedded replicated the configuration used for embedding 

thermocouples to measure temperatures of end milling tool inserts. 

The thermometer PCB was mounted onto the shaft of the end milling machine and 

incurred rotation at speeds of several thousand revolutions per minute, thereby was 

constrained to have low mass and required binding to the shaft to prevent vibration of 

the rotating shaft and separation of the PCB from the shaft. 

The feasibility of using the prototype IRT coupled to an embedded fibre optic to 

substitute for embedded thermocouple measurement of the cutting surface 

temperature of an end milling tool insert was demonstrated. 

Application of the prototype thermometer to end milling would require that the fibre 

optic coupling be made more robust because the fibre was exposed to mechanical 

damage at the point of entry into the cutting tool insert. This weakness limited 

severely, the number of operations for which the thermometer could be used. In trial 

conditions, the fibre optic coupling to the thermometer survived only two passes of the 

cutting tool along a test plate, after which the fibre optic had been sheared through by 

metal swarf ejected from the milling process. Engineering more robust thermometers 

would be necessary to acquire measurements continuously from machining processes. 
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5 DEVELOPMENT OF ZERO DRIFT, LOW 

TEMPERATURE RANGE, FIBRE OPTIC 

THERMOMETER AND APPLICATION TO 

BATTERY TEMPERATURE MEASUREMENTS 

Thermocouples afford measurement over a wide range of temperatures, typically 

enabling continuous measurement from zero to many hundreds Celsius. Substitution 

of thermocouples by infrared radiation thermometers (IRTs) requires the capability to 

measure similar temperature ranges. The prototype mid-wave infrared (MWIR) 

thermometers of chapter 4 did not have sufficiently low minimum temperature 

measurable to substitute for thermocouples through all temperature ranges 

encountered in manufacturing and industrial processes. The MWIR thermometers 

were developed further to achieve measurement of lower minimum temperatures. The 

capability of measuring from ambient temperature was desirable for an IRT that could 

be substituted for thermocouples in lower temperature applications, for example: the 

measurement of battery cell temperatures during charging and discharging. 

The Chemical and Biological Engineering (CBE) department at University of Sheffield 

operate a Lithium battery cell laboratory, in which cells can be manufactured and 

tested to understand the mechanisms incurred during real operating cycles. 

Temperature achieved by the components and electrolyte during charging and 

discharging of cells is an important parameter that affects the electrochemistry and 

longevity of cells. Typically, cell temperatures have been measured using 
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thermocouples bonded to the cell casing and internal temperatures measured using 

thermocouples embedded into the cell during construction. The CBE department have 

sued infrared thermography cameras to image the temperature distribution of cell 

casings and wished to utilise infrared thermometry to measure the internal 

temperature of cells undergoing test cycles. The compact IRT developed within this 

project provided a prototype device that could use a fibre optic embedded into a cell 

and isolate the measurement electronics outside of a cell. This would enable the 

temperature adjacent to the reactive Lithium-ion electrolyte to be measured, whilst the 

cells were cycled within a controlled-environment test chamber.  No such IRT existed 

commercially, therefore development of the prototype would enable the CBE 

researchers to measure internal temperatures better than embedded thermocouples 

and to apply this new knowledge to understanding the performance of cells 

undergoing test. 

Typically, low temperature range infrared thermometers use either: 

 Photo-electronic Mercury Cadmium Telluride (MCT) photodiodes that can be 

operated in the MWIR or long-wave infrared wavelength range, depending 

upon the alloy composition used and cooling applied 

 Thermal detectors, such as, thermopiles and bolometers that respond to all 

radiation incident upon the surface, often referred to as broad spectrum or total 

radiation thermometers 

Photodiodes and thermal detectors used to measure over longer wavelength ranges are 

subject to larger magnitude temperature measurement uncertainties arising from 

emissivity errors because of the relationship with wavelength that was presented in 

chapter 2: 

Δ𝑇 =  
𝜆𝑇2

𝑐2
 
Δ𝜀

𝜀
 

where: 

∆T is the error in the radiance temperature measured, K 

c2 is the second Planck radiation constant 0.014387752 m K 

λ is the limiting effective wavelength at which the IRT measured, m 
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T is the absolute temperature of the object, K 

∆ε is the difference in emissivity between the object and blackbody 

It was desirable to use photodiodes that responded to the shortest range of 

wavelengths that would provide measurement over the low temperature range 

required to minimise this uncertainty. 

MCT photon detectors have been used in low temperature thermometers but required 

thermoelectric cooling to reduce the dark current and Johnson noise, whilst increasing 

the photosensitivity to enable the measurement of low intensities of MWIR radiation. 

Cooling a photon detector increases the cost and size of thermometers, therefore 

disallowing their use in size-constrained locations. Thermopiles and bolometers, can 

measure within the MWIR spectral range but have slow response speeds and low 

sensitivity compared to photon detectors [1]. Both MCT and thermal detectors incur 

output drift, particularly related to thermometer ambient temperature, which leads to 

increased measurement uncertainty. 

Typically, IRTs that use photodiodes have a transimpedance amplifier (TIA) to output 

a measurable voltage from the photocurrent generated. The low shunt resistance of 

MWIR photodiodes enables some of the photocurrent to flow through the photodiode, 

rather than generating output voltage via the TIA, as presented in chapters 1 and 2. 

The input voltage offset and noise are amplified by the transimpedance and combined 

at the TIA as an output voltage offset. Variation of the output voltage offset and 

shunted current cause non-linear thermometer characteristics that have constrained the 

capability of MWIR thermometers to achieve low temperature measurements with low 

uncertainties, particularly using uncooled detectors [2], [3]. 

Compromising between the capability to measure low intensity infrared emitted from 

low temperature sources and having a compact thermometer led to further 

development of the bootstrapped Indium Arsenide Antimony (InAsSb) thermometer 

of chapter 4. The noise and offset voltage of the TIA were identified as limiting the 

capability of the thermometer to measure lower temperatures [3]. Sakuma and Hattori 

noted that the amplifier noise and offset voltage were limiting the capability to 

measure low temperatures in their research into developing a standard infrared 

radiation thermometer [4] and this limitation was also noted during the development 
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of the laboratory prototype InAsSb thermometer [5]. Reduction of the input voltage 

offset of the TIA would enable the minimum temperature measurable by the IRT to be 

reduced [4], [6]. The minimum temperature measurable for the prototype IRT was 

defined as the temperature for which there was unity signal to noise ratio (SNR) at the 

TIA output [5]. Achieving lower minimum temperature measurable than the 

laboratory prototype demanded the use of higher transimpedance values, which 

presented higher effective gain to both the signal and noise. Reduction of the noise and 

offset magnitudes were essential to allow higher transimpedance values to be used. 

Using larger resistor values increased the integration time of the resistor-capacitor (R-

C) feedback loop. Increasing the integration time over which the mean output voltage 

and the variation around the mean were evaluated also improved the SNR of the 

thermometer, in accordance with the analysis by Bielecki [7]: 

𝑆𝑁𝑅 =
𝑉𝑜

𝑉𝑅𝑀𝑆 𝑁𝑜𝑖𝑠𝑒
=

2𝑉𝑖
2𝑡

𝑆𝑛
 

where: 

Vo is the signal, determined as the mean output voltage of the TIA 

VRMS Noise is the noise on the output voltage of the TIA 

Vi is the input voltage to the TIA 

t is the total integration time over which the mean and standard deviation of the 

output voltage were calculated (for discrete values this value would be mt where m 

represents the number of values and t the increment of time between measurements) 

Sn is the noise spectral density of the signal 

For constant noise spectral density, Sn and input voltage to the TIA, Vi having an 

increased integration time of the R-C network (by increasing the transimpedance value 

by a factor of ten) also led to an increased SNR by the same factor. 
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Part I: Zero Drift Op-amp Thermometer Development and 

Characterisation 

5.1 Zero drift op-amp thermometer development 

A zero drift operational amplifier (op-amp) incurs very low offset voltage, offset 

voltage drift and low noise magnitude. Zero drift op-amps modulate the input voltage 

with a square wave carrier signal and demodulate the resulting signal to isolate the 

output voltage from low frequency noise. This modulation and demodulation occurs 

within the amplifier integrated circuit, using transistor switches to afford kilohertz 

modulation frequencies. This modulation method results, ultimately, in the very low 

offset voltage and offset voltage drift offered by the zero-drift op-amp [8], [9]. Using a 

zero drift op-amp within an IRT that has an uncooled photodiode should enable the 

measurement of lower minimum temperatures without compromising the 

thermometer response speed, sensitivity or measurement uncertainty. 

Different combinations of op-amps were trialled to identify the configuration that 

enabled low noise and voltage offset from candidate amplifiers selected from the 

results of modelling the TIA output voltage and noise. Typically, op-amps that offered 

the fastest response and lowest input noise voltage, incurred high offset voltage 

approaching 1.0 mV at the TIA input [10], therefore were considered a sub-optimal 

compromise. The offset voltage would require compensation to alleviate the 

consequent offset being propagated to the output voltage with amplification through 

the TIA. The offset voltage and noise voltage for each of the op-amps tested in the TIA 

circuit, Linear Technologies LT1012 and LTC2050 and Texas Instruments OPA627 and 

OPA657, were specified to be of the order of micro-Volts [8], [9], [11]–[13] thereby, 

presenting several orders of magnitude lower offset voltage than the high speed, low 

noise op-amps reviewed for transimpedance amplifiers in previous studies [10]. 

The combinations of Linear Technologies (designated as LT or LTC) and Texas 

Instruments (designated as TI) op-amps tested and the output voltage offset that 

limited the measurement resolution when amplified through 10 MΩ transimpedance 

are presented in table 5.1. The combinations presented had a range of offset voltages 

that would be acceptable but the combination of LT1012 or OPA 627 bootstrap and 

LTC2050 TIA (rows 2 and 6 of the table below) offered the lowest offset voltages 
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modelled. It was evident that having the zero drift op-amp TIA would be expected to 

provide the lowest offset voltage on the thermometer output. 

Table 5.1 Combinations of op-amps identified by modelling as offering lowest 

offset voltage and noise from modelling and subsequently tested at laboratory 

conditions 

Bootstrap Op-amp TIA Op-Amp 

Offset Voltage Modelled at 

Output with 10 MΩ Rf μV 

LT1012 LT1012 1.0 

LT1012 LTC2050 Zero Drift 0.6 

TI OPA627 TI OPA657 2.7 

LT1012 TI OPA627 5.5 

LT1012 TI OPA657 5.5 

TI OPA627 LTC2050 Zero Drift 0.4 

These six candidate combinations were configured as low temperature prototype IRTs 

with the InAsSb photodiode and used 600 μm diameter core ZBLAN glass fibre optic to 

couple infrared radiation. ZBLAN glass fibre optic transmitted radiation over the 

wavelength range 0.2 – 4.5 μm [14] that included most of the MWIR wavelength range 

to which the InAsSb photodiode responded [15]. ZBLAN was available readily with 

core diameters that were larger than the Indium Fluoride fibre optic used for the 

measurements in chapter 4. The transmission range and diameter of the ZBLAN fibre 

optic combined to afford the lowest minimum temperature measurable of the 

configurations of fibre optics and photodiodes used, nominally 50 °C, as presented in 

table 2.1 of chapter 2. 

These low temperature versions of the prototype IRT used 10 MΩ feedback resistors to 

increase the transimpedance and achieve an effective ‘gain’ between the photocurrent 

and TIA output voltage equivalent to 140 dB. The revised thermometers were 

evaluated to have lower maximum temperature measurable of 670 °C, above which 

temperature the TIA output voltage would saturate. This exceeded the maximum 

temperature expected from battery cell cycling, nominally 60 – 70 °C, by an order of 
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magnitude [16]. Evidently, the low temperature IRTs configured could be useful in this 

application. The maximum temperature that the thermometer could measure would be 

extendable by increasing the power supply voltage and deploying suitable op-amps. 

5.2 Comparison of low temperature IRT configurations 

using zero drift and precision op-amps 

Identical low temperature range prototype IRTs were configured except for the op-

amp used in the TIA. The IRT versions tested used the LT1012 precision op-amp and 

LTC2050 zero drift op-amp in the TIAs. The TIA feedback resistance and capacitance 

was 10 MΩ and 10 pF in both IRT versions. The R-C time constant of this thermometer 

was calculated to be 100 μs, thereby providing faster response than could be achieved 

by thermocouples or thermal detector based IRTs. 

5.2.1 Comparison of precision op-amp and zero-drift op-amp IRTs 

measuring steady–state temperatures 

Comparisons were undertaken to determine the capabilities of the IRTs to maintain a 

nominal zero value when the thermometers were blanked by a cover at ambient 

temperature and a steady–state value when the photodiodes were exposed to a source 

at an arbitrary steady–state temperature of 700 °C. The thermometers measured the 

same radiant source concurrently and from adjacent positions, thereby ensuring that 

no difference arose from systematic errors with the experimental configuration. The 

TIA output voltages were recorded on a pair of Keysight Technologies 34465A digital 

multi-meters with identical configurations to measure and store data. Measurements 

were recorded at 1 minute intervals for three consecutive durations of 100 hours each. 

The data sets were concatenated to provide contiguous thermometer output voltage 

measurements over 300 hours’ duration. 

The configuration of the blackbody source and photodiodes is illustrated in figure 5.1, 

noting that the photodiodes were connected to separate TIAs and multi-meters. 
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Figure 5.1 Schematic diagram illustrating configuration used to test two prototype 

thermometers concurrently, viewing similar source temperatures 

The output voltages measured from the thermometers under the zero signal conditions 

were interpreted as resulting from the total of the offset voltage and noise. The source 

was changed from providing a zero signal condition to both of the thermometers 

receiving infrared radiation from an Ametek Land Instruments Landcal P1200B 

approximate blackbody source, set at an arbitrary and constant temperature of 700 °C. 

The noise power on the output voltage was represented by the variance around the 

mean in both zero signal and steady-state signal tests. It was not critical that identical 

conditions were achieved for each thermometer because small differences between the 

mean output voltages would not influence the variances. The excess kurtosis values of 

the measurements were evaluated to indicate whether the distributions had extensive 

or restricted tails and to indicate how much extremal values affected the variances. 

5.2.2 Characterisation of precision op-amp and zero-drift op-amp 

IRTs over low temperature ranges 

The output voltages of the IRTs configured using the zero drift op-amp and precision 

op-amp were characterised as a function of the temperature of an Ametek Land 

Instruments, Landcal P80P approximate blackbody source. The blackbody source 

temperature was calibrated prior to characterisation of the IRTs, using an Isothermal 

Technology Limited, milliK precision thermometer and transfer standard Platinum 

Resistance Thermometer, as described in chapter 3. 
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A 150 mm length of 600 μm core diameter, ZBLAN fibre optic cable coupled infrared 

radiation from the calibration thermo–well in the blackbody source to the 

thermometers. The length was representative of the fibre optic to be embedded into 

Lithium-ion pouch cells, therefore characterisation of the thermometer voltage 

variation with source temperature provided a practical calibration of the IRT. The 

depth to diameter ratio of the calibration thermo-well and the exposed tip of the fibre 

exceeded 5:1, which afforded high relative emissivity, approaching blackbody 

conditions [17], [18]. 

The thermometer output voltages were measured and recorded using a Keysight 

Technologies 34465A data-logging, digital multi-meter. The temperature set point of 

the blackbody source was increased in 10 °C increments between 20 °C and 70 °C and 

the thermometer output voltages characterised against this sequence of temperatures. 

The thermometer output voltages at each source temperature were recorded at 

intervals of 1 s for a duration of ten minutes per measurement. The configuration of the 

equipment for undertaking thermometer characterisation was the same as presented in 

Figure 5.1, except that the fibre optic was inserted into the blackbody source thermo-

well and coupled infrared radiation directly onto the photodiode. 

The mean and standard deviation of the output voltages recorded from the IRTs were 

evaluated to abstract values that represented each temperature and the noise. The 

signal to noise ratio was evaluated as the ratio between the mean output voltage and 

standard deviation around that mean. The noise limited, equivalent temperature 

resolution of each thermometer was calculated from these measurements. 

Wien’s approximation enabled evaluation of the ratio between radiances arising from 

two temperatures to be compared and led to the expectation of a linear relationship 

between the natural logarithm of the thermometer output voltage (Ln(Vo)) and the 

inverse of the absolute temperature of the source object (1/T), as presented in chapter 2. 

The limiting effective wavelength, that is a monochromatic wavelength abstraction of 

the thermometer response at different temperatures over a broad wavelength range 

[19], was calculated from the gradient of the relationship between Ln(Vo) and 1/T. 
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These measurements tested the capability of the IRTs to measure low temperatures 

likely to be encountered on industrial processes [20] and provided practical 

calibrations of the IRTs through the temperature range 20 °C to 70 °C. 

5.2.3 Comparison of the capabilities of the IRTs to maintain ‘zero’ 

and steady-state output voltages 

The capability of the IRTs to maintain steady-state output was determined based upon 

the variability of output voltage measurements recorded for a source radiating at 

ambient temperature and the arbitrary, steady-state 700 °C. 

The zero drift op-amp TIA afforded a lower magnitude voltage offset apparent at the 

output than the precision op-amp version, measuring an ambient temperature. The 

offset voltages achieved mean values of: +0.024 mV for the zero drift op-amp IRT 

compared with -0.10 mV for the precision op-amp IRT. The output voltage variance of 

the zero drift op-amp IRT was approximately half the magnitude of the precision op-

amp IRT, achieving values of 8.6 x 10-4 (mV)2 and 19.1 x 10-4 (mV)2, respectively. 

The measurements recorded and histograms for the two thermometers with the 

photodiodes having no signal are presented in figures 5.2 and 5.3 and exposure to a 

radiant source at a steady–state temperature of 700 °C in figures 5.4 and 5.5, 

respectively. 
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Figure 5.2 IRT Output Voltage with Zero Signal; Time Series Data 

 

 

Figure 5.3 IRT Output Voltage with Zero Signal; Histogram of Measurements 
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Figure 5.4 IRT Output Voltage Measuring 700 °C; Time Series Data  
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Figure 5.5 IRT Output Voltage Measuring 700 °C; Histogram of Measurements 

The variances for the zero drift op-amp IRT can be seen to be smaller than the 

variances incurred by the precision op-amp version, by inspection of the curves 

presented in figures 5.2 to 5.5. It was also evident by inspection of figures 5.2 and 5.3, 

that the zero drift op-amp IRT maintained the nominal ‘zero’ output voltage closer to 

actual zero millivolts than the precision op-amp version. 

Both IRTs demonstrated larger magnitude changes in the output voltage than the noise 

incurred around the mean values and these had similar magnitudes and occurred 

concurrently during the steady-state 700 °C set point temperature tests, as illustrated 

by inspection of figures 5.4 and 5.5. The similarity of magnitude and occurrence of 

these output voltage changes for both thermometers implied that the cause was 

common. Comparison of one IRT output voltage variation with the steady-state 

temperature variation of the blackbody source is presented in figure 5.6. 
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Figure 5.6 Variation of blackbody source temperature at 700 °C steady-state set point 

and concurrent infrared thermometer output voltage 

A relationship between the changes in temperature of the blackbody source and 

changes of the thermometer output voltage existed, although there was only a weak 

correlation. The apparent relationship was obscured, at least partially, by an 

underlying drift of the source temperature by approximately 0.6 °C and consequent 

variation of the thermometer output by approximately 25% of the measured range. 

These variations caused the simple mean value of the thermometer output voltage to 

vary by more than would have arisen from true steady–state conditions. The variations 

in process conditions would not affect the variances around the continuously averaged 

mean values because these were measured over shorter durations than the time over 

which the changes occurred. 

The precision op-amp IRT incurred a larger magnitude change of the zero than the 

zero drift op-amp IRT. Observation of the signals in figures 5.2 and 5.3 illustrated the 

larger drift and cycling incurred by the precision op-amp IRT, having most variation 

within the range -0.05 mV to – 0.10 mV during these zero signal tests. The zero drift op-

amp IRT incurred variations mostly between 0.00 mV and +0.05 mV during the same 

test. Both thermometers demonstrated some larger excursions that occurred randomly 

during the tests and were probably caused by interference. The precision op-amp IRT 

incurred more excursions than the zero drift op-amp version. 
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5.2.4 Statistics Describing the Distributions of Measurements 

The measurements acquired from the two IRTs at the zero signal and 700 °C conditions 

were demonstrated to have arisen from independent systems, therefore differences 

between the mean values, variances and excess kurtosis values calculated were 

interpreted as arising from the different op-amps used to configure the TIAs. 

The mean, variance and excess kurtosis values calculated for the IRT output voltage 

measurements at the two measuring conditions are presented in table 5.2. 

Table 5.2 Mean, Variance and Excess Kurtosis Values of Precision Op-amp and Zero 

Drift Op-amp Thermometer Versions. 

Condition Thermometer Version Mean V Variance V2 Excess Kurtosis 

Zero 

Signal 

Precision Op-Amp TIA -1.000 x10-4 1.906 x 10-9 416.2 

Zero Drift Op-Amp TIA 2.397 x10-5 8.558 x 10-10 121.4 

700 °C 

Signal 

Precision Op-Amp TIA 0.613 1.645 x 10-4 1.22 

Zero Drift Op-Amp TIA 0.616 1.168 x 10-4 1.33 

The variances incurred by the measurements using the zero drift op-amp IRT were 

smaller than the variances incurred by the precision op-amp IRT by factors of 0.46 and 

0.71, for the zero and steady-state temperature measurements, respectively. 

The high excess kurtosis values demonstrated that extremal values within the 

measurements led to much of the variances calculated whilst the photodiodes were 

blanked and less so when measuring the blackbody source at 700 °C. Comparison of 

the excess kurtosis values indicated that the precision op-amp IRT was subject to more 

extreme variations from the mean value than the zero drift op-amp version. 

The similarity of variance and excess kurtosis values evaluated for the IRTs measuring 

700 °C steady–state temperature, indicated that the two configurations would work 

similarly well measuring higher temperature sources. The zero drift op-amp IRT did 

still achieve lower variance than the precision op-amp version but the difference 

between the prototypes was not as marked with higher intensity radiation. 
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The zero drift op-amp IRT would be expected to afford lower minimum resolvable 

temperature measurement whilst achieving similar maximum temperature measurable 

to the precision op-amp IRT. 

5.3 Characterisation of low temperature IRTs against 

blackbody source 

The two versions of low temperature range IRT developed were characterised against a 

low temperature blackbody source to determine practical calibrations and allow 

comparison of the thermometers. 

The source temperature versus IRT output voltage characteristics measured for the 

zero drift op-amp and precision op-amp based IRTs are presented in figure 5.7. 

 

Figure 5.7 Source temperatures versus voltage output characteristics of zero drift op-

amp IRT and precision op-amp IRT 

The zero drift op-amp IRT measured 0.35 mV at 20 °C source temperature to 2.1 mV at 

70 °C source temperature, with a mean uncertainty of 5.8%. The precision op-amp IRT 

measured -0.072 mV at 20 °C source temperature to 1.4 mV at 70 °C source temperature 
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with a mean uncertainty of 21.4%. Evidently, the zero drift op-amp IRT had lower 

uncertainty and marginally higher sensitivity than the precision op-amp version. The 

low temperature version of the prototype IRT achieved output voltages measuring 

source temperatures up to 70 °C that were comparable to the voltages achieved by the 

laboratory prototype measuring higher temperatures. The higher output voltage 

achieved by the low temperature version of the thermometer was consistent with 

having transimpedance that was an order of magnitude higher than the laboratory 

prototype thermometer. The curvature expected of the output voltage characteristic 

with the source temperature was not obvious in figure 6.5, owing to the limited range 

of temperatures over which the measurements were undertaken. 

Curve fits to the ln(Vo) variations with 1/T for the two thermometer versions are 

presented in figure 5.8. 

 

Figure 5.8 Characteristics of ln(Vo) variations with 1/T for zero drift op-amp IRT and 

precision op-amp IRT 

Evaluation of the ratio of convolved radiances and spectral response curves from 

known and unknown temperatures using Wien’s approximation led to the expectation 
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that the relationship between the ln(Vo) and 1/T should be linear [21]–[24], as presented 

in equation (2.13) from chapter 2. 

𝑙𝑛(𝑉𝑜) = 𝑎 +  
𝑏

𝑇
 

where: 

Vo is the output voltage of the thermometer, V 

T is the absolute temperature of the source being measured, K 

a and b are the intercept and gradient coefficients derived from a linear regression to 

the ln(Vo) versus 1/T curve. 

The zero drift op-amp IRT adhered to the linear relationship expected between ln(Vo) 

and 1/T better than the precision op-amp version. The limiting effective wavelength for 

the thermometer configurations were calculated to be 4.12 μm, for the zero drift op-

amp IRT and 3.71 μm for the precision op-amp IRT. The longer effective wavelength 

evaluated for the zero drift op-amp IRT should enable a lower minimum temperature 

to be measured than the precision op-amp IRT. 

The practical calibrations of the thermometers were used to determine interpolation 

curves, according to the method of Sakuma and Hattori [4]. There was good agreement 

between the measured and modelled output voltages for the zero drift op-amp IRT at 

each temperature within the range, with only the lowest temperature having a 

deviation that exceeded 10% of the measured voltage. The precision op-amp IRT 

afforded reasonable agreement, with larger deviations between modelled and 

measured output voltages than recorded for the zero drift op-amp IRT. The difference 

between modelled and measured voltages for the precision op-amp IRT was 47.5% at 

20 °C, reducing to circa 30% for source temperatures above 40 °C. 

The noise limited equivalent temperature resolution of the zero drift op-amp IRT was 

evaluated to be 3.5 °C at 20 °C source temperature, reducing to less than 1.0 °C for 

source temperatures above 40 °C. The uncertainties of the measurements were less 

than ±10% for source temperatures above 30 °C and less than ±3% for source 

temperatures above 40 °C. The noise limited equivalent temperature resolution of the 

precision op-amp IRT was evaluated to be 14.7 °C at 20 °C source temperature, 
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reducing to 5.0 °C for source temperatures above 40 °C. The uncertainties of the 

measurements were ±30% for source temperatures above 30 °C, reducing to ±11% for 

source temperatures above 40 °C. 

The signal to noise ratio (SNR) was near unity at the lowest temperature measured, 

representing the limit to which the thermometer could be expected to measure without 

employing signal processing to extract measurement from data having a higher 

magnitude of noise than useful signal. 

The noise limited equivalent temperature resolution for the zero drift op-amp and 

precision op-amp versions of the low tempertaure prototype IRT are presented in 

figure 5.9 and 5.10, along with the SNR calculated for each measurement. 

Figure 5.9 Characteristic noise limited equivalent temperature resolution and SNR 

of zero drift op-amp IRT 
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Figure 5.10 Characteristic noise limited equivalent temperature resolution and SNR 

precision op-amp IRT 

The noise equivalent temperature resolution of the zero drift op-amp IRT was lower 

than the precision op-amp version throughout the low temperature range measured. 

The SNR was higher throughout the range. The zero drift op-amp IRT would be better 

than the precision op-amp version for measurement of lower temperatures. 

The noise limited temperature resolution of 3.5 °C at 20 °C source temperature 

measured for the zero drift op-amp IRT indicated that there would be uncertainty of 

17.5% (at 95% confidence level) introduced around the measurement of objects 

radiating near nominal room temperature. The zero drift op-amp IRT could be used to 

measure objects having room temperature but the noise limited temperature resolution 

characteristic demonstrated that the practical minimum temperature for which the 

prototype zero drift op-amp IRT should be deployed was between 30 °C and 40 °C. It 

would be preferable to specify the minimum source temperature from which the 

prototype thermometer should measure to be above 40 °C to maintain the noise limited 

measurement resolution within circa ±1 °C. This recommendation represented a 

reduction in the minimum temperature measurable by a factor of five compared to the 

200 °C minimum temperature measurement achieved with the laboratory prototype. 
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The output voltage measured for the low temperature prototype IRT had increased 

magnitude at lower source temperatures, compared to the laboratory and initial 

application prototype thermometers. The increased output voltage of the low 

temperature prototype IRT owed to the larger value of transimpedance resistor used, 

the range of wavelengths transmitted by the ZBLAN glass and the higher throughput 

of infrared radiation afforded by the larger diameter fibre optic core used to couple the 

source infrared radiation to the photodiode. 

Part II: Application of Low Drift Thermometer to Low Temperature 

Range Measurement. 

5.4 Application of prototype IRT to Lithium-ion cell 

temperature measurements. 

The low temperature prototype IRTs were used to measure battery cell temperatures in 

collaboration with the Chemical and Biological Engineering (CBE) Department at The 

University of Sheffield. The CBE Lithium-ion battery development laboratory provided 

the capability of assembling cells from components, thereby allowing the construction 

to be modified to embed a fibre optic into a cell. 

Lithium-ion battery cell temperatures increase during charging and discharging, high 

current drain and failure events [25]–[28], owing to the electro-chemical reactions 

occurring. Typically, Lithium-ion cells can achieve temperatures in the range 30 °C to 

70 °C during normal charging and discharging cycles, depending upon the rate of 

charge, ambient temperature conditions and capacity of the cell [29]. The reactions 

within a cell can achieve temperatures capable of inducing distortion and melting or 

burning of plastic if thermal runaway occurs. Lithium cell over-heating events have 

been reported in journals and have been recorded by aviation authorities [30]–[32]. 

Understanding of cell thermal behaviour has become increasingly important with the 

growing number and type of applications, ranging from mobile communications to 

power storage for supply networks, electrically powered vehicles and driving 

aerospace actuators [31]–[33]. The safety-critical nature of some applications of 

Lithium-ion cells [30], [32], [34] demanded that methods of measuring the cell 

temperature should be developed to help inform research into the operating and 
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failure modes of cells. Scientific investigations have been undertaken to measure 

normal thermal behaviours and compare with thermal runaway events in cells to 

understand more about these types of failures. 

Presently the prominent methods of inferring the internal cell temperatures that have 

succeeded used measurement of the cell surface temperatures using attached 

thermocouples or thermal imaging, combined with modelling of the internal 

temperature that could lead to the external temperatures measured [25], [27], [28], [35]–

[37]. The variations with temperature of known electrical parameters have also been 

used to infer internal temperatures, for example: using electro-chemical impedance 

spectroscopy [25], [26], [37], [38]. The internal temperature distribution and evolution 

have been modelled based upon the assumption that the impedance of the anode, 

cathode and electrolyte are uniform and resistance heating of the cell occurs at the 

anode and cathode only and then dissipates through the cell. These assumptions 

simplify the model sufficiently to enable its analytical solution but introduce additional 

uncertainties to calculation of the temperature of the cell [37]. A number of research 

groups have published work for which one or more fibre Bragg grating (FBG) sensors 

were embedded into a cell to measure temperature and other physical parameters [39]–

[41]. FBG sensors enable temperature to be inferred by measuring the strain-induced 

change in the wavelength and width of the resonance peak around the mean value of 

reflected radiation [42]. FBG sensors have faster response than thermocouples, with 

response speeds capable of measuring at a frequency of 2 Hz reported [43]. Infrared 

radiation thermometers can have response times of micro-seconds to milli-seconds, 

which represents several orders of magnitude faster response than either mineral-

insulated thermocouples or FBG sensors have achieved. A fast response IRT would 

enable measurement of the battery cell temperature cycles at higher temporal 

resolution than the competing methods. An infrared radiation thermometer can also be 

configured to have higher sensitivity to temperature changes than either 

thermocouples (order of 10 μV/K sensitivity and 1 K uncertainty) or FBG sensors (order 

of 0.01 nm/K sensitivity and 1 K uncertainty). Having high values of resistance in the 

feedback loop of the TIA would afford the high sensitivity of the thermometer to 

temperature changes required to offer the highest resolution of low temperature 

measurements possible. 
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Objects inside a battery cell such as: electrodes, separator sheets and the pouch will all 

emit infrared radiation. It should be possible to measure the temperatures of specific 

components within the cell because of the narrow numerical aperture presented by a 

fibre optic, typically 0.2 – 0.3, that project to an included angle from which the fibre 

optic tip would accept radiation of 22.9 ° to 34.4 ° around the fibre axis. A temperature 

measurement attained directly from the infrared emissions rather than inference from 

the effect of temperature upon the electrical properties of the cell and modelling to 

characterise the internal heat distribution from surface measurements would improve 

understanding of cell thermal behaviour. 

5.4.1 Insertion of fibre optic into Lithium ion cells coupled to low 

temperature IRT 

The thermometer printed circuit board (PCB) had the same 25 mm x 25mm dimensions 

used for the previous prototypes described in chapter 4, enabling variants of the IRT to 

be used within any of the applications with appropriate modifications. The low 

temperature range thermometer configured for battery cell measurements used the 

Linear Technologies LTC2050 zero drift op-amp in the TIA. This op-amp had been 

demonstrated to achieve lower minimum temperature measurable than the precision 

op-amp version. The zero drift op-amp afforded low output voltage offset of less than 

1.0 mV with 10 MΩ transimpedance, without any zero trim applied. The thermometer 

was able to measure from a lower minimum temperature than previous prototype IRTs 

because of the low voltage offset and noise incurred in the TIA that enabled use of a 

high transimpedance value, combined with the higher throughput and range of MWIR 

wavelengths transmitted by the fibre optic. 

This modification afforded a lower minimum temperature approaching room 

temperature to be measured and limited the maximum temperature that could be 

measured by this configuration of thermometer to an estimated 670 °C, beyond which 

the amplifier output voltage would saturate at the power supply limit of +2.5 V. The 

thermometer range could be extended by adapting the PCB to use a higher voltage or 

dual polarity power supply. Doubling the power supply voltage to +5 V maximum 

would extend the maximum temperature measurable to an estimated 855 °C and 

increasing the positive supply to +10 V would increase it to 1115 °C. This latter change 
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would enable the highest temperature measurable using the 10 MΩ transimpedance 

zero drift op-amp IRT to achieve 1100 °C, thereby affording a wide temperature range. 

The thermometer was coupled to the battery cell using a 150 mm length of 600 μm core 

diameter, ZBLAN fibre optic embedded inside the cell to transmit infrared radiation to 

the thermometer. Using ZBLAN glass fibre optic in this application afforded some 

immunity to degradation by electrochemical reaction with the electrolyte for durations 

that were sufficient to afford measurement of temperatures from several tests. The 

fibre optic would become more susceptible to reaction and degradation with increasing 

temperature, so damage may occur to the fibre during higher temperature cycles. The 

maximum temperature to which the ZBLAN fibre optic should be exposed is 

approximately 90 °C [44] which exceeds the temperature expected to be generated in a 

cell under typical charging and discharging conditions. 

A method of inserting the fibre optic into a cell was developed for which the open end 

of the fibre optic was inserted between layers of separator that act to isolate the cell 

anode from the cathode. The point at which the fibre optic egressed the cell was sealed 

using heat sealing tape and adhesive applied externally that also held the fibre optic 

sheath in position. 

Each cell contained the battery contacts, anode and cathode that aligned with external 

contacts and were held against them by physical pressure, insulating separator sheets 

between the electrodes inside the cell, spacer materials and liquid electrolyte. The 

pouches were sealed fully to prevent exposure of the cell materials to atmosphere, 

thereby preventing deleterious reaction of the electrolyte. 

The construction of different Lithium-ion pouch cells with ZBLAN fluoride glass fibre 

optic embedded inside is illustrated in figures 5.11 through 5.13. 

 



 

132 

 

Figure 5.11 Components of Lithium-ion pouch cells prior to assembly, illustrating 

the electrodes, contacts, Aluminium laminate sheet that forms the pouch casing 

(prior to sealing) and fibre optic for embedding into cell. 

The method of embedding fibre optic into a cell was similar for small capacity cells 

(having a footprint that was approximately the size of a palm of a hand) and larger 

capacity cells (having a footprint of approximately half a sheet of A4 paper). The large 

capacity cells used multiple electrodes and separator sheets arranged in layers. The 

fibre optic was inserted between one layer of electrodes and separator sheets, after 

assembly of the cell stack. 
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Figure 5.12 Assembly of large capacity pouch cell with embedded ZBLAN fibre optic 

inserted into centre of electrode stack, prior to forming into active cell 

Sealing the pouch cell sheets around the fibre optic that was inserted into the cell stack 

required that the heat–sealing bar was modified to accommodate the diameter of the 

sheath, without crushing the fibre core inside. 
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Figure 5.13 Completed large capacity Lithium ion pouch cell with embedded ZBLAN 

fibre optic and thermocouple inserted through opposite edges of pouch 

The seal between the pouch sheets around the fibre optic can be seen to have crimped 

the sheets in figure 5.13. 

The electrolyte used inside the cell was one molar concentration of ‘LP30’ Lithium 

Hexafluorophosphate (LiPF6) salt solution in ethylene carbonate and dimethyl 

carbonate. The electrolyte filled the volume adjacent to the electrodes and surrounded 

the ZBLAN glass fibre optic that was embedded in the cell. 
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Initial fibre optic installations into small size Lithium-ion pouch cells incurred fractures 

of the core when heat-sealing the pouch, owing to the pressure required to ensure that 

a gas-tight seal was achieved around the fibre optic. The fractures were sufficiently 

complete in some cases to cause the total loss of the transmitted signal. The method of 

heat sealing the pouch cells was amended to use a manual heating bar with a round 

profile groove cut into the surface to accommodate the fibre optic sheath. 

The temperatures achieved by cells at the charging and discharging rates achieved 

under test conditions did not generate sufficient heat to be measured by the IRT 

developed. Higher transimpedance would be necessary to amplify the small 

photocurrent generated at the low temperatures of the cells to measurable voltages. 

The noise and offset of the op-amps used to configure the thermometer would need to 

be reduced further to enable measurement of these lower temperatures with low 

uncertainty and at sufficiently fast response speed. It may also be necessary to cool the 

detector to achieve sufficiently low dark current and Johnson noise to be able to 

measure the low temperatures and small differences from ambient temperature arising 

during normal cell cycling. 

5.4.2 Proof of concept using laboratory tests 

A small size dummy pouch cell containing no electrolyte or active electrodes but 

otherwise having identical construction to an operable Lithium-ion pouch cell was 

subjected to temperatures between 20 °C and 55 °C using an Ametek Land Landcal 

P80P blackbody source. The cell temperature was allowed to achieve steady-state 

conditions and the prototype IRT output voltage recorded for each temperature. The 

method used was similar to undertaking a practical calibration of the thermometer, 

except that the fibre optic was embedded into the dummy pouch cell that was inserted 

into the blackbody chamber rather than inserted into the thermo-well. The dummy cell 

temperature versus IRT output voltage characteristic measured is presented in figure 

5.14. The uncertainty around these measurements was estimated to be 5.7 %. 
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Figure 5.14 Measurements of dummy pouch cell (containing no electrolyte) 

temperature using one of the low temperature IRTs 

The analogue signal was sampled at 5 s interval and these sample measurements were 

averaged continuously over a sliding window of twelve consecutive measurements.  

This data filtering enabled the low magnitude output voltage signal from the 

thermometer, that was associated with the low temperature measurements, to be 

identified from the noise. The long duration sampling limited the capability of the 

thermometer to respond to signals that incurred fast changes. The maximum frequency 

of alternating signal that the thermometer could respond to at the lowest temperature 

was 0.1 Hz, to allow averaging over the sliding window duration, and to comply with 

the Nyquist limit for signal aliasing [45]. The averaging period could be shortened for 

higher temperature measurements, allowing sampling in excess of the 2 Hz achieved 

with FBG sensors or similar for thermocouples. 

The variations of thermometer voltage output from a smooth, monotonically 

increasing curve resulted from the low SNR achieved for the lowest source 

temperatures measured, at which the signal was approaching the noise limit of the op-

amps. The noise and voltage offset from the TIA led to increased variability within the 
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measured data and increased uncertainty identifying the continuously-averaged mean 

temperature. 

The 10 MΩ transimpedance, zero drift op-amp IRT has been demonstrated to be 

capable of measuring from low minimum temperatures, with large diameter ZBLAN 

fibre optic embedded into Lithium-ion cells. The IRT could measure from a practical 

minimum temperature of 30 °C with uncertainty of ±1 °C without detriment to the 

response speed. The laboratory trials demonstrated measurement from 25 °C 

minimum temperature, achieved using continuous averaging of the thermometer 

output signal over sixty seconds duration sliding window. 

Summary of chapter 

Application of the prototype thermometer to lower temperature range measurements, 

typical of the temperatures arising during battery cell charge and discharge cycling, 

required higher transimpedance than 1MΩ that was used for the laboratory prototype. 

A transimpedance of 10 MΩ was used in the low temperature version of the prototype 

thermometer to afford increased SNR. The higher transimpedance value in the resistor-

capacitor network imposed a lower speed of response to a changing signal of 0.1 ms. 

The equivalent alternating signal frequency cut-off limit was 1.59 kHz. Ideally, the 

transimpedance used would be increased to afford the lowest minimum temperature 

measurable and the supply voltage maximised to provide the widest measurement 

range possible. The low temperature range IRT with ZBLAN fibre optic coupling 

developed was suitable for use as a probe embedded into Lithium cells but needed 

improvement to be able to measure the lowest temperatures during normal charging 

and discharging cycles. 

Two prototype thermometers were configured that were identical apart from the op-

amps used in the TIAs. The capabilities of each version of prototype IRT to maintain 

zero and mean output voltages were assessed by calculating the variances at an 

effective zero signal and whilst sighted at an approximate blackbody source at an 

arbitrary, steady–state temperature of 700 °C. Using a zero drift op-amp configuration 

of the TIA on the prototype thermometer achieved approximately 50% reduction of the 

output voltage noise, compared to using a precision op-amp. The zero drift op-amp 
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IRT maintained a lower offset voltage from zero than the precision op-amp IRT and 

was less susceptible to perturbation by extremal voltages. 

The zero drift op-amp enabled an MWIR thermometer to be configured to measure a 

lower minimum temperature without compromising the response speed, sensitivity or 

range of temperature measurements. The zero drift op-amp IRT was demonstrated to 

be capable of measuring from 30 °C with a maximum ±10% uncertainty, whilst the 

precision op-amp IRT achieved a minimum, practical measurement of 40 °C with 

similar uncertainty. 

The measurement resolution of the zero drift op-amp IRT was 1 °C at 40 °C measured 

temperature, which was a five-fold improvement on the capability of the precision op-

amp IRT that achieved 5 °C resolution at 40 °C. 

A method of embedding fibre optic into a battery cell has been developed to enable 

laboratory testing of instrumented cells but a more robust design would need to be 

engineered to use the technology more generally. Protection against mechanical 

damage during assembly and manipulation into the battery cell test chamber (or 

installation into a battery stack) will be essential to successful longer term deployment. 

The machining application thermometer, described in chapter five and the battery cell 

thermometer, described within this chapter, needed to have more robust fibre optic 

installations for usage outside of laboratory conditions. 

Ideally, higher charging and discharging rates, that would dissipate more heat from 

the Lithium-ion cell, would be used to test the capability of the IRT to measure internal 

cell temperatures. Using higher transimpedance would not necessarily be detrimental 

to the fast response from the thermometer compared to the inherently faster 1 MΩ 

transimpedance version, in practice because the measurement samples would not need 

to be averaged over as long a duration to be able to identify the useful signal 

magnitude from the noise. 

Data filtering over extended durations allowed low intensity infrared radiation arising 

from source temperatures near to ambient to be measured by the InAsSb photodiode. 

The thermometer version for lower temperature measurements had transimpedance of 

10 MΩ and afforded measurement from circa 25 °C (nominal room temperature) with 

higher magnitude of uncertainty. The thermometer was specified for practical 
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measurement of temperatures above 30 – 40 °C minimum to ensure that the 

measurement uncertainty attributable to the thermometer was maintained within the 

nominal specification of ±1 °C. This magnitude of uncertainty was comparable to 

measurement by thermocouple over a useful temperature range. It should be possible 

to achieve lower measurement uncertainty and minimum temperature measurable by 

reducing the noise and offset of the op-amps used to configure the thermometer and 

increasing the transimpedance further. 
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6 PROTOTYPE ZERO DRIFT, FIBRE OPTIC 

INFRARED THERMOMETER FOR 

THERMOCOUPLE SUBSTITUTION 

Thermocouple temperature measurements are affected by calibration drift and 

irreversible hysteresis of the thermometer output with ageing and exposure to harsh 

process conditions [1]–[3]. Thermocouples have been configured with integral fixed 

point temperature calibration cells [4]–[6] which would allow in-operando assessment 

of thermocouple calibration. These developments offer some scope to overcome the 

ageing-related drift of thermocouples but may not address the detriment of 

thermoelectric stability caused by exposure to harsh conditions. The scope exists to 

substitute a fibre optic coupled, infrared thermometer with integral fixed point 

temperature calibration cells for such thermocouples, thereby obviating the problems 

caused by harsh measurement conditions. No such infrared radiation thermometer 

(IRT) with an integral fixed point material deposited onto a fibre optic probe exists, 

therefore the feasibility of creating a suitable IRT and probe was undertaken. The 

potential of an IRT to measure the small changes in the temperature history curves that 

were caused by absorption and release of the heat of transformation of tin, was 

demonstrated successfully. This feasibility study could lead to the development of IRTs 

with integral calibration capabilities, if pursued through subsequent projects. 

A version of the fibre optic coupled, infrared thermometer (IRT) was configured that 

used an Indium Gallium Arsenide photodiode with response over an extended range 
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of wavelengths, nominally 0.9–2.6 μm [7] (extended-InGaAs photodiode). This 

photodiode had photoresponsivity within the short-wave infrared (SWIR) band. The 

extended-InGaAs thermometer was coupled to a sapphire fibre optic, for which the 

nominal 0.75–3.5 μm range of wavelengths transmitted [8], included the full 

wavelength range over which the photodiode responded.  The capability of the fibre 

optic to transmit throughout the photodiode response wavelength range ensured that 

the thermometer achieved the broadest range of temperature measurement possible. 

The thermometer received unchopped infrared radiation and used the same 

configuration of uncooled and bootstrapped photodiode connected to the 

transimpedance amplifier that was proposed by Makai and Makai for low shunt 

resistance detectors [9] and used with the mid–wave infrared (MWIR) thermometers 

described in chapters 4 and 5. 

The range of infrared wavelengths to which the extended-InGaAs photodiode 

responded favoured measurement of object temperatures from the low hundreds of 

Celsius, which emit sufficiently strongly at SWIR wavelengths to be measured readily. 

6.1 SWIR thermometer configuration 

The SWIR thermometer configured for measurement of the infrared radiation 

transmitted through the fibre optic probe used a ‘zero-drift’ operational amplifier (op-

amp) for configuration of the transimpedance amplifier (TIA). The zero drift op-amp 

version of the prototype thermometer was demonstrated to afford low noise, offset 

voltage and offset voltage drift when applied to the low temperature version of the 

MWIR thermometer, described in chapter 5. The low noise of the zero drift op-amp 

TIA configuration enabled the measurement of small changes in infrared radiation that 

would be expected from small changes in temperature. This configuration of 

thermometer was suitable for identifying phenomena that cause small deviations in 

temperature, for example, the temperature inflections during phase transformations 

between solidus and liquidus states of pure metals used as calibration standards. 

The photosensitivity of the extended-InGaAs detector, approximately 1.2 A/W and low 

minimum incident power to which it responded, approximately 1 pW, enabled low 

intensity infrared radiation to generate photocurrent. Amplification of the resulting pA 
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magnitude photocurrent to measurable voltage by 10 MΩ transimpedance, afforded 

measurement of the low intensity infrared radiation. The minimum TIA output voltage 

from the SWIR thermometer was expected to be 10 μV at the lowest incident power 

that was capable of generating a response. This magnitude of output voltage was 

comparable to the noise measured for previous prototype IRTs and could arise from 

relatively low temperature sources at approximately 100 °C. The photosensitivity of the 

extended-InGaAs detector ensured that small magnitude changes of incident power 

generated sufficient photocurrent to cause a measurable change in output voltage. The 

shunt resistance of the extended-InGaAs photodiode is low, typically 10 – 15 kΩ, 

therefore it was essential to use a low offset voltage, low noise and low offset voltage 

drift op-amp to configure the TIA to be able to measure the photocurrent generated. 

Model calculations, reported in table 2.2 of chapter 2, demonstrated that the extended-

InGaAs thermometer coupled to a short length sapphire fibre optic should be suitable 

for measurement from a minimum temperature of approximately 100 °C. 

6.2 Configuration of fibre optic probe with tin coating 

forming a prototype integral temperature fixed point 

calibration cell 

Pure tin has a melting temperature of 231.9 °C [10] and pure silver has a melting 

temperature of 961.8 °C [10], therefore tin may be melted whilst contained by silver 

without the risk of the molten metal breaching the encapsulating layer. Tin undergoing 

melting absorbs the heat of phase transformation and releases the same heat of 

transformation during solidification. The rates of change of temperatures measured 

during heating or cooling incur inflections during the solidus to liquidus and liquidus 

to solidus phase transformations, respectively. These inflections in the rate of change of 

temperature are manifest as an inflection in the time versus temperature history curves 

measured from the material during heating and cooling. Identifying the inflections in 

the increasing and decreasing temperature curve of tin can be used to define a 

calibration point of the output voltage of a thermometer at the precise temperature 

231.9 °C. Measurement of the infrared radiation emitted during transition through the 

melting temperature inflections of tin is analogous to the method by which the 

International Temperature Scale of 1990 (ITS-90) standards have been defined. The 
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temperature calibration points above the triple point of water (0.01 °C) have been 

defined by the melting points of several pure metals, up to the highest temperature 

melting point material defined presently, pure copper at 1084.6 °C [10], [11]. The purity 

of metals used in fixed point temperature standard cells to define ITS-90 have been 

specified to comprise a minimum of 99.9999% of the elemental metal. 

A rudimentary fixed point temperature calibration cell was created by coating the core 

of a sapphire fibre optic with layers of tin, that were encapsulated by layers of silver. A 

schematic diagram of the fibre optic arrangement, illustrating the fibre optic tip, with 

multiple reflections of infrared radiation that occurred within it from the tin deposit 

and infrared radiation that was coupled into and transmitted along the fibre optic, is 

presented in figure 6.1. 

 

 

Figure 6.1 Schematic diagram of silver encapsulated, tin coated sapphire fibre optic 

core used to create integral calibration point on fibre optic probe 

A sapphire fibre optic having a core of 425 μm diameter was exposed from the 

protective jacket for a length of approximately 40 mm from an open tip and coated 

with layers of tin nanoparticles suspended in water and ethylene glycol. The liquid 

acted as a carrier to deposit the solid tin nanoparticles onto the surface of the fibre optic 

core. The tin deposited onto the fibre optic surface was sintered after each layer was 
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applied to form a solid metal agglomeration on the fibre optic surface. Each layer of tin 

was sintered in a furnace set at 150 °C for ten minutes. After several layers of tin were 

deposited and sintered, the fibre optic tip was encapsulated in several layers of silver 

nanoparticles suspended in water and ethylene glycol mixture. Each layer of silver 

deposited was sintered at 150 °C for ten minutes, to form a layer of agglomerated silver 

that encapsulated the underlying tin. The sapphire fibre acted as a body on which to 

deposit the tin and a medium to transmit infrared radiation from the heated coating to 

an infrared radiation thermometer (IRT) positioned at the output end of the fibre. The 

silver layers acted to encapsulate the tin so that it remained in contact with the fibre 

optic surface and did not run off the surface when molten. 

The tip of the fibre optic probe acted as an approximate blackbody, having a length to 

diameter ratio exceeding five and having multiple reflections of the infrared radiation 

throughout the fibre core from the heated tin coating, immediately adjacent to the 

surface of the core [12], [13]. 

The prototype thermometer coupled to a fibre optic probe that was developed was not 

traceable to ITS-90 standards because the materials used did not have certified 

compositions. The quantities of metals deposited were unknown, therefore, the 

magnitude of inflection within the temperature versus time history curve caused by 

the phase transformation was unknown. This prototype was intended only as a 

demonstration that making a thermometer coupled to a fibre optic probe with an 

integral fixed point temperature calibration cell was feasible. 

An example short length of fibre optic coated with tin, encapsulated by silver coating 

and connected to a prototype thermometer to form an experimental thermometer with 

integral tin fixed point cell is illustrated in figures 6.2 to 6.4. 
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Figure 6.2 Sintered tin nanoparticle coated sapphire fibre optic forming layers of 

metal that adhered to the bared fibre optic surface 

Figure 6.3 Sintered silver nanoparticle coated sapphire fibre optic, encapsulating 

underlying layers of tin within the silver coating 
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Figure 6.4 Sintered tin and silver nanoparticle coated sapphire fibre optic coupled to 

compact infrared thermometer printed circuit board for laboratory testing of 

prototype thermometer with integral tin fixed point cell 

The fibre optic probe was mounted in a short length of ceramic tube to afford sufficient 

rigidity to the probe to be able to insert it into the centre of the thermo-well on a 

blackbody source and to afford supporting the assembly connected to the prototype 

SWIR thermometer printed circuit board (PCB). The SWIR thermometer with fibre 

optic probe assembly was characterised against a blackbody source through a series of 

known temperatures and the resulting calibrated thermometer used to measure the 

radiation emitted by the rudimentary fixed point temperature calibration cell. 

6.3 Characterisation of sapphire fibre optic coupled, SWIR 

thermometer 

The extended-InGaAs thermometer, coupled to the tin and silver coated sapphire fibre 

optic probe, was characterised against the temperature of an Ametek Land Landcal 

P550P approximate blackbody source at temperatures between 50 °C and 450 °C. The 

characteristic thermometer output voltage versus blackbody source temperature curve 

is presented in figure 6.5. The thermometer output voltage axis has been presented on 

a logarithmic scale to illustrate more clearly the wide range of output voltage that was 

measured using this thermometer configuration. 
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Figure 6.5 Characteristic output voltage of thermometer transimpedance amplifier 

versus blackbody source temperature curve. 

 

The extended-InGaAs infrared thermometer with 10 MΩ transimpedance evidently 

could measure temperatures above a minimum of 100 °C up to a maximum of 

approximately 450 °C. The maximum temperature was constrained by saturation of the 

transimpedance amplifier output at the op-amp positive supply voltage of +5 V, for 

this version of the thermometer. It would be possible to extend the range to higher 

maximum temperature by using higher voltage power supplies and components that 

were capable of accepting these, enabling higher temperatures to be measured before 

the transimpedance amplifier output saturated. 

The relationship between the output voltage and temperature should comply with the 

formulation determined for the ratio between band radiances from the Wien 

approximation, that was presented in chapter 2, equation (2.13). The natural logarithm 

of the output voltage, Ln(Vo) should have a linear relationship with the inverse of 

absolute temperature measured, 1/T, to the first order approximation of this 

relationship. The relationship of Ln(Vo) against 1/T evaluated from the characterisation 

measurements for this thermometer is presented in figure 6.6. 
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Figure 6.6 Characteristic curve of thermometer ln(Vo) versus 1/T of blackbody source 

The variation of the thermometer output voltage with source temperature followed the 

expected linear relationship for source temperatures above 100 °C (inverse absolute 

temperature value 0.00268 /K) but became non-linear below this temperature. The non-

linearity owed to the magnitude of the noise contributing increased variability within 

the total output voltage (signal + noise) measured, particularly as the noise limit of the 

op-amp used to configure the TIA was approached. This noise magnitude imposed a 

limit upon the capability of the thermometer to measure temperatures without 

additional signal processing to extract a useful signal. 

The noise limited equivalent temperature resolution of the thermometer was calculated 

based upon applying Wien’s approximation, that was also elaborated in chapter 2, 

equations (2.16) and (2.17). The variation of the noise limited equivalent temperature 

resolution calculated from the thermometer characterisation is presented in figure 6.7. 
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Figure 6.7 Noise limited equivalent temperature resolution of the extended-InGaAs 

based thermometer with 10 MΩ transimpedance 

The signal to noise ratio (SNR) for the thermometer was defined as the ratio between 

the mean value of the output voltage and its standard deviation measured during 

characterisation. The variation of the thermometer SNR with source temperature 

measured is presented in figure 6.8. 
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Figure 6.8 Signal to noise ratio of the extended-InGaAs based IRT 

The noise limited equivalent temperature resolution and SNR variations with source 

temperature measured and presented within the graphs confirmed that the 

thermometer configured using the uncooled extended-InGaAs photodiode with 10 MΩ 

transimpedance amplifier and receiving unchopped infrared radiation through 

sapphire fibre optic was suitable for measuring source temperatures above 100 °C. The 

resolution of measurements acquired above 100 °C was 2 °C and reduced to 1 °C for 

measurements above 150 °C. 

A Sakuma-Hattori curve fit to the characteristic infrared thermometer output voltage 

versus blackbody source temperature was determined, illustrating the capability to 

interpolate any temperature measurement between the known points from the output 

voltage measured. Curves illustrating the variations of modelled and measured output 

voltages and error between the modelled and measured values with source 

temperature are presented in figure 6.9. 
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Figure 6.9 Sakuma-Hattori curve fit to measured characteristic of the infrared 

thermometer based upon using the extended-InGaAs photodiode 

The Sakuma-Hattori model curve scale factor for this configuration of thermometer 

was determined to be 16.6 V at a limiting effective wavelength of 2.35 μm. It was 

inferred that the thermometer had a high sensitivity to changes in source temperature 

measured and was estimated to be able to resolve 0.05 °C changes in source 

temperature measured using a bench-top digital multi-meter that provided 10 μV 

resolution. The limiting voltage resolution applicable was inferred from the minimum 

output voltage noise measured from the prototype thermometer. The Keysight 34465A 

multi-meter used can measure smaller voltage signals but these would be dominated 

by the output voltage noise of the thermometer amplifier. The thermometer configured 

and characterised should be suitable for measuring the small variations in the infrared 

radiation as the rate of change of temperature varied during the melting phase 

transformation of tin deposited onto a sapphire fibre optic. 

6.4 Application of prototype SWIR thermometer measuring 

temperature inflections during phase transformations of tin 

The prototype tin coated and silver encapsulated fibre optic probe thermometer used 

the 10 MΩ transimpedance, zero drift op-amp version of the thermometer printed 
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circuit board, with the extended-InGaAs photodiode. The thermometer was used to 

measure the infrared radiation transmitted along the 425 μm core diameter of a 

sapphire fibre optic from the metal coated end that was heated and cooled through the 

range of temperatures around the tin melting temperature. 

The coated tip of the sapphire fibre optic was inserted into the calibration thermo-well 

on an Ametek Land Landcal P550P approximate blackbody source. The blackbody 

temperature set point was increased and decreased at a constant rate of 0.05 °C/minute, 

through the temperature range 230.0 °C to 235.0 °C and at constant rates of 0.1 

°C/minute and 0.25 °C/minute, through the temperature range 225.0 °C to 240.0 °C. The 

heating and cooling regimes imposed passed through the temperature range over 

which the solidus to liquidus and inverse phase transformations of pure tin occurred. 

Using tin nanoparticles coated onto a sapphire fibre optic that was heated and cooled 

through the temperature ranges quoted afforded measurement of the tin melting phase 

transformation temperature change. The mean output voltage from repeated 

measurements using the fibre optic probe thermometer led to the characteristic 

presented in figures 6.10 to 6.12 for heating and cooling rates of 0.05 °C/minute, 0.1 

°C/minute and 0.25 °C/minute, respectively. The fibre optic IRT output measurements 

have been compared to the interpolation curve between calibration measurements of 

the fibre optic probe IRT without the metal present, evaluated from Wien’s 

approximation and shown as a black dashed line on each plot. 
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Figure 6.10 Mean InGaAs thermometer output voltage whilst heating and cooling 

Tin coated fibre optic through transformation temperature at 0.05 °C/minute 
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Figure 6.11 Mean InGaAs thermometer output voltage whilst heating and cooling 

Tin coated fibre optic through transformation temperature at 0.1 °C/minute 

 

 

Figure 6.12 Mean InGaAs thermometer output voltage whilst heating and cooling 

Tin coated fibre optic through transformation temperature at 0.25 °C/minute 

The thermometer incurred brief output voltage spikes that had a period of 1800 

seconds (30 minutes), hence these were probably caused by an external source of 

electromagnetic interference. The thermometer continued to measure the infrared 

radiation arising from the heated probe at the same magnitude as prior to the 

excursions immediately following these periodic disturbances. The excursions were 

eliminated from the data analysed, thereby having no effect upon the mean values of 

the measurements calculated. The mean values of the thermometer output voltage 

evaluated from the measurements of thermometer output during heating and cooling 

of the fibre optic probe incurred peak-to-peak noise magnitude of 2.4 mV. 

The extended-InGaAs version of the thermometer had low noise magnitude, owing to 

the zero drift op-amp used for the transimpedance amplifier and high output voltage, 
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owing to the photosensitivity of the photodiode and 10 MΩ transimpedance used. The 

infrared intensity emitted at the melting temperature of tin was lower at the short–

wave infrared wavelengths to which the extended-InGaAs photodiode responded than 

the mid–wave infrared radiation to which the InAsSb photodiode responded, owing to 

the low temperature at which tin melts. The compromise between the higher 

photosensitivity of the extended-InGaAs photodiode compared to the InAsSb 

photodiode and the lower intensity of infrared radiation emitted in the SWIR 

waveband led to the necessity to measure small differences in thermometer output 

voltage to identify the inflection around the tin melting and freezing point 

temperature. 

There were inflections from the linear increasing source temperature and modelled IRT 

output evident in the measurements, with maximum deviations of approximately 1.1 

mV. The inflections observed in the mean output voltage versus source temperature 

curves had similar magnitude to the noise but demonstrated a consistent reduction of 

gradient through the temperature range 225.0 °C to 240.0 °C, as illustrated in figures 

6.10 to 6.12. The thermometer output voltage versus source temperature curve when 

heating and cooling at rates of 0.1 °C/minute and 0.25 °C/minute demonstrated more 

pronounced inflections than the curve measured at a heating and cooling rate of 0.05 

°C/minute. The temperature ranges over which the inflections in the gradients of the 

thermometer output voltage versus source temperature curves occurred were 

proximate to the temperature range over which tin would be expected to melt and 

freeze. The temperature ranges over which melting and solidification occurred were 

broadened, which indicated that there were impurities in the tin deposited [14]. The 

inflections away from the linear increasing temperature of the source indicated that the 

thermometer measured the effect of the tin phase transformation upon the intensity of 

infrared radiation transmitted to the thermometer. The lowest rate of heating and 

cooling tested was too slow to elucidate the temperature inflection well. The evidence 

of the weak inflection implied that the fibre optic tip temperature tracked the thermo-

well temperature more closely, which compensated partially for the heat absorption 

and release by the tin. 
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The deviations from the linear temperature gradient imposed by the source were not 

sufficiently distinct to provide a fixed point temperature calibration because of the 

broadened range over which the inflections occurred and the noise having comparable 

magnitude to the change of thermometer output voltage observed. Identifying the 

transition between solidus and liquidus states of tin relied upon averaging over 

multiple data sets to reduce the effect of noise. The inflections measured provided 

evidence that the tin coating on the fibre optic probe acted like a fixed point 

temperature standard cell. The prototype demonstrated the feasibility of creating a 

fibre optic probe thermometer with an integral fixed point temperature calibration cell, 

albeit the inflections observed in the temperature versus time history curves were 

weak. The change to the infrared radiation intensity derived from melting and 

solidifying the tin within the integral fixed point cell could be strengthened by having 

a larger mass of tin deposited undergoing the phase transformation. This adaptation 

would ensure that the temperature inflection, therefore, thermometer output voltage 

inflection, was more prominent within the variations caused by noise. Depositing pure 

tin and maintaining its purity during formation of cell on the probe would afford 

identification of the tin melting temperature more precisely, rather than incurring the 

broadened melting temperature range observed with the prototype device. 

Burst noise was evident in the individual output voltage measurements and caused 

large, random but brief excursions in output voltage, rather than the smooth and 

slowly changing response to smooth changes in the blackbody source temperature. The 

burst noise sources were unknown and the noise obfuscated the measured response of 

the thermometer for brief durations only, so these data were eliminated from the 

calculations of mean output voltage. Grounding the thermometer printed circuit board 

reduced the magnitude of interference from external noise sources but did not 

eliminate the burst noise from the measurement. 

The ideal thermometer would have higher SNR than the prototype thermometer using 

the uncooled extended-InGaAs photodiode, at the response speed necessary to identify 

the inflection in the temperature versus time history curve. It may be possible to 

achieve better resolution of the tin melting and freezing transformation temperature 

inflection by using a cooled photodiode to reduce the noise and boost the SNR and 
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chopping the infrared signal to afford amelioration of zero offset and drift. Such a 

thermometer would not be as compact as the prototype device but could be integrated 

into a measurement system that formed a self-calibrating thermometer. 

The concept of having a thermometer coupled to a fibre optic probe with an integral 

fixed point temperature calibration cell could be extended to create a thermometer 

with multiple fixed point temperature metals deposited and ultimately, a self–

calibrating thermometer. A thermometer with the ability to undergo in–operando 

calibration assessment, could also report upon the calibration drift incurred over time, 

thereby providing a step towards creating a thermometer probe with self–diagnostic 

capabilities. 

Summary of Chapter 

A short–wave infrared version of the prototype thermometer that used an extended-

InGaAs photodiode was used to measure the temperature inflections during melting 

and freezing of tin. The tin was deposited directly onto the surface of a 425 μm 

diameter core sapphire fibre optic. The resulting fibre optic probe was heated and 

cooled through multiple cycles, over the temperature ranges: 

 230.0 °C to 235.0 °C at a rate of 0.05 °C/minute  

 225.0 °C to 240.0 °C at rates of 0.1 °C/minute and 0.25 °C/minute 

The thermometer was able to measure the appearance of weak inflections that occurred 

within temperature ranges that were consistent with the solidus to liquidus and 

inverse phase transformations of tin. The evidence of this experiment indicated that it 

would be feasible to create an infrared thermometer coupled to a sapphire fibre optic 

probe that had an integral fixed point temperature calibration cell deposited onto the 

surface. 

This demonstration provided an initial step towards creating a fibre optic coupled, 

infrared radiation thermometer with an integral and in-operando, temperature 

calibration capability. Ultimately, such a device could be developed further to afford a 

self-calibrating or self-correcting thermometer that would have application to long-

term deployment in manufacturing and research. 
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7 CONCLUSIONS 

The thesis presented herewith has described the laboratory development and testing of 

compact, fibre optic coupled infrared thermometers (IRTs) that can substitute for 

embedded thermocouples. A number of the test applications incurred harsh conditions 

that would increase the uncertainty of temperature measurements acquired by 

thermocouples. Non-contact temperature measurements afford solutions to many of 

the problems associated with measurement by invasive thermocouples in such harsh 

conditions. The conditions are challenging to achieve mounting and operation of IRTs 

that are available commercially. The IRTs developed used uncooled photodiodes that 

received unchopped radiation via fibre optic coupling and had no lens systems 

deployed. The IRTs configured had low mass and were constructed using small 

footprint printed circuit boards (PCBs) and surface mounted components, thereby 

afforded the capability of being installed into constrained spaces or mounted onto 

moving equipment. Drift of thermocouple calibration causes increased uncertainty in 

temperature measurements, therefore disallows optimal control of processes and 

presents a challenge to the maintenance of consistent conditions and product quality in 

manufacturing. Addressing this challenge using low-drift or drift-free thermometers 

presents an opportunity to improve temperature measurements and optimise 

production. The capabilities of the thermometers developed to measure across 

different temperature ranges and the uncertainties attached to those measurements 

were characterised. Practical calibrations of the thermometers were derived from 

measurements of known temperatures. Models of the IRT response were calculated to 
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afford interpolation of the thermometer output voltage versus source temperature 

relationship between the temperature calibration points. 

The following points summarise the key achievements and knowledge generated by 

the project. 

1. A compact and high speed mid-wave infrared (MWIR) thermometer has been 

configured using: 

 A commercially available Hamamatsu P13243-11-MA Indium Arsenide 

Antimony (InAsSb) semiconductor alloy photodiode 

 A bootstrapping amplifier to enhance the apparent impedance of the 

photodiode and transimpedance amplifier to amplify the photocurrent to a 

measurable voltage 

 Infrared transmitting fibre optic embedded into an object that coupled between 

the source and thermometer, using either sapphire or metal fluoride fibre optics 

The MWIR thermometer used the InAsSb photodiode uncooled and received 

unchopped infrared radiation. This was the first demonstration of an uncooled InAsSb 

photodiode that received unchopped radiation being used to configure an MWIR 

thermometer for moderate and lower temperature range measurements. The 

thermometer did not need the ancillary components required for cooling and signal 

chopping that would be used, typically, in the configuration of IRTs for accurate 

measurement of low intensity radiation. 

The initial prototype MWIR thermometer maintained measurements within an 

uncertainty of ±5 °C, from a minimum temperature measurable of 200 °C and ±1 °C 

above 350 °C. The temperature ranges over which the IRTs operated with low 

uncertainty and fast response speed, were useful for industrial process and product 

temperature measurement. Further versions of the thermometer PCB were configured 

to afford the measurement of different temperature ranges and to achieve increased 

signal to noise ratio. 

2. The use of the prototype infrared radiation thermometers to substitute for 

thermocouples overcomes many of the problems associated with invasive 

thermometers by decoupling the measuring instrumentation from the source. Using 



 

166 

fibre optic coupling between the object being measured and the thermometer also 

provided immunity from electromagnetic interference and isolation of the object from 

the IRT. The speed with which the thermometer could respond to changing signals was 

faster than could be achieved by a thermocouple that incurs thermal inertia from the 

protective sheath and insulation used in its construction. The IRTs developed afforded 

temperature measurements with faster response speed than thermocouples and could 

be configured to have higher sensitivity. 

3. The prototype fibre optic coupled IRTs have been applied to situations that incurred 

harsh conditions of high and rapidly changing temperatures and reactive chemical 

species at the measurement position. The harsh conditions incurred required that the 

thermometer PCB was placed remotely from the process and coupled to the harsh 

conditions via inert fibre optics. The small dimensions and low mass of the 

thermometer PCB, ensured that it could be mounted readily inside a process chamber 

or attached to an object and not interfere with the normal operation of the process or 

object. These tests demonstrated the feasibility of using the prototype IRT to substitute 

for thermocouples in applications that incurred harsh conditions. 

4. The prototype IRTs were characterised against approximate blackbody sources that 

were set to known temperatures and working calibrations of the thermometers 

derived. The laboratory prototype IRT had a 1 MΩ resistance and 10 pF capacitance in 

the feedback network around the transimpedance amplifier inverting input. This 

feedback resistor–capacitor network enabled the response speed of the thermometer to 

be as short as 10 μs, therefore, the thermometer could measure an alternating signal or 

equivalent rapidly changing signal having a maximum frequency of 15.9 kHz. The 

noise-limited equivalent temperature resolution, uncertainty around measurements 

and signal to noise ratio were characterised from the relationship of output voltage 

with known temperatures measured for calibration. An interpolation curve was 

derived using the Planck form of the Sakuma–Hattori equation that described the 

relationship between the thermometer output voltage and source temperature, thereby 

enabling unknown source temperatures to be determined from the resulting 

thermometer output voltages. 
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5. The prototype MWIR thermometer was amended to afford lower temperature range 

measurements to be acquired. The lower temperature range version of the 

thermometer used a zero drift op-amp to configure the transimpedance amplifier and 

incurred low offset voltage and low noise. The zero drift op–amp version of the 

transimpedance amplifier afforded more stable output voltage than the equivalent 

precision op-amp. The low temperature prototype thermometer also used a larger 

diameter ZBLAN metal fluoride fibre optic to couple the mid-wave infrared radiation 

to the photodiode. These changes improved the signal to noise ratio arising for lower 

temperatures, enabling the practically useful, minimum temperature measurable 

achieved by the thermometer to be reduced to 30 °C with a measurement uncertainty 

of ±1 °C. 

6. A variant of the compact IRT configuration using a Hamamatsu G12183-010K, 

extended range Indium Gallium Arsenide (extended-InGaAs) photodiode coupled to a 

sapphire fibre optic was constructed to configure a short-wave infrared (SWIR) 

thermometer. The configuration of the IRT was retained as being an uncooled 

photodiode receiving unchopped radiation. The product of the extended-InGaAs 

photosensitivity and sapphire fibre optic transmission curves maximised the intensity 

of incident radiation upon the photodiode within the wavelength range to which it 

responded. The open-ended tip of the sapphire fibre optic was coated with layers of tin 

and encapsulated in layers of silver. The resulting fibre optic probe was heated and 

cooled through multiple cycles around the tin melting temperature of 231.9 °C. The 

response of the thermometer measured during heating and cooling, demonstrated 

weak inflections around the tin melting and freezing temperature. The inflections 

indicated that the heat of phase transformation of the small volume of tin present on 

the fibre optic surface had been absorbed (during heating) and released (during 

cooling). This thermometer demonstrated that it would be feasible to use a fibre optic 

probe coated with metal to create an integral fixed point temperature calibration cell. 

Such a thermometer could be corrected for drift and provide self-calibration, in-

operando. 

7. A version of the prototype IRT was configured using the extended-InGaAs 

photodiode with 1 MΩ transimpedance, coupled to a sapphire fibre optic and was 



 

168 

intended for undertaking higher temperature range measurements. This SWIR version 

of the compact IRT would be suitable for measurements of industrial furnace 

temperatures, typically having minima above 300 °C and maxima above 1000 °C. The 

prototype thermometer was suitable for process monitoring of industrial furnaces that 

need to control temperatures exceeding a few hundred Celsius. 

8. The feasibility of substituting infrared thermometers, coupled to fibre optics that 

were embedded into objects, for thermocouples has been demonstrated successfully. 

The IRTs configured and tested were prototype versions that would need to be 

engineered to afford more robust construction that could survive for longer durations 

in the physically damaging conditions to which they were exposed. Improvement of 

the longevity of the instruments configured will be essential to implement 

thermometers that can be used continuously and for long durations in harsh 

conditions, within industrial applications. 

 

The project objectives to substitute infrared radiation thermometers for thermocouples 

used for measurements from harsh conditions that were met fully or partially were: 

 the creation of the first IRT that used an uncooled MWIR photodiode and 

received unchopped radiation via fibre optic coupling 

 the extension of the range of temperature measurements measurable to include 

near ambient room temperature 

 the first demonstration of a chopper-stabilised op-amp used to create a ‘zero 

drift’ IRT that adhered to zero offset better than an equivalent precision op-amp 

configuration and incurred low noise, enabling small magnitude signals to be 

measured successfully  

 creation of a compact device that had sufficiently low manufacturing and 

installation cost that total loss in harsh conditions would not be critical 

 the first demonstration of the feasibility of embedding fibre optics into Lithium-

ion cells to acquire measurements from the components inside a cell 

 the first demonstration of the feasibility of applying fixed point cell materials to 

a fibre optic probe IRT and measuring the small effect upon measured 
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temperature of having a mass of metal undergoing solid to molten phase 

transformation 

 

The partial failures and the artefacts that needed improvement from the outcomes 

achieved within this project were: 

 robustness of the protective covering for the fibre optic coupling embedded into 

cutting tools on the end milling machine to ensure that metal swarf could not 

shear through the protective layer and fibre 

 the size of the PCB and surface-mounted components would ideally be reduced 

for a re-usable device that would also be encapsulated in a body affording 

improved rigidity and protection of the circuit from electromagnetically 

coupled (EMC) interference, along with component guarding and shortest track 

lengths used to minimise noise 

 the lower temperature range IRT will need to have lower noise components 

used and higher transimpedance, effectively giving a higher ‘gain’ to increase 

the signal to noise ratio, affording measurement from lower temperatures, with 

the aim of achieving zero degrees Celsius minimum 

 the development of integral calibration fixed point cells on a fibre optic probe 

IRT will require some collaborative research with materials scientists to 

understand the effects of different potential metal deposition methods and the 

effects upon the phase transformation temperature of using nano-particle 

suspensions to supply the metal elements 

 

Developments from the novel prototype IRTs demonstrated in this project could 

provide devices suitable for thermocouple substitution in many applications, 

particularly scenarios requiring deployment of thermometers into harsh physical or 

chemical conditions. Substituting robust IRTs for thermocouples could reduce the 

manufacturing costs of products, resulting from improved understanding of the 

processes, the pertinent factors that affect temperature variations and control of 

processes to tighter tolerances. Typical improvements to process control achievable 
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with present technologies can lead to significant cost benefits, reaching many millions 

of pounds for continuous, large-scale production of basic materials. 

Further research and development of fibre optic probe IRTs with integral calibration 

fixed point cells could lead to the creation of thermometers with in-operando or self-

calibrating capabilities, particularly if the IRT artefact could be combined with artificial 

intelligence or machine learning software to create a ‘smart’ thermometer. Such devices 

should become standard in distributed control systems and inter-connected 

measurement and recording systems in advanced manufacturing facilities. The 

capability to maintain production whilst checking calibration or interfacing 

measurements to a downstream process has the potential to save significant amounts 

of unproductive time and reduce costs in manufacturing. 
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8 FUTURE WORK TO EXTEND THE 

CAPABILITIES OF FIBRE OPTIC COUPLED 

INFRARED THERMOMETERS 

8.1 Indium Arsenide avalanche photodiode to increase 

sensitivity 

The potential exists to use an Indium Arsenide avalanche photodiode (InAs APD) that 

responds with higher magnitude photocurrent than achieved by the prototype within 

the 3.0-3.5 μm waveband. The InAs APD would need to be cooled to enable avalanche 

gain and minimise the dark current of the device, thereby constraining its use as a 

small footprint device. The InAs APD could provide increased response to lower 

temperature sources, therefore affording lower minimum temperature measurable 

than achieved using the uncooled InAsSb photodiode. Static positioning of a prototype 

InAs APD thermometer externally to a process, with sufficient space to afford the 

larger size necessary for photodiode cooling, would be necessary for such a 

thermometer. The combination of InAs APD with fibre optic coupling should be 

evaluated as a potential improvement to the prototype thermometer. 

8.2 Transimpedance amplifier with lower noise and input 

voltage offset 

Development of lower noise, higher speed and higher sensitivity transimpedance 

amplifiers with higher signal to noise ratio would enable the thermometer to measure 



 

172 

over wider temperature ranges and afford substitution for thermocouples in further 

applications. The potential exists to extend the prototype thermometer that used zero–

drift operational amplifiers to configure the transimpedance amplifiers from this 

project to thermometers with wider measurement range and higher sensitivity. 

8.3 Self–calibrating fibre optic probe thermometer 

Further research should be undertaken concerning the development of infrared 

thermometers that have integral, fixed point temperature calibration cells deposited 

onto the core of fibre optic probes. Successful implementation could lead to the 

creation of ‘self-calibrating’ thermometers that afford continuous temperature 

measurement whilst undergoing in-operando calibration. 

Development of a self-calibrating IRT would require several strands of research to be 

undertaken to understand: the effects of material types upon properties (for example: 

the effects of using nanoparticle suspensions upon melting temperature range), 

deposition methods to ensure that consistent and accurate mass and distribution of 

metal is achieved and artificial intelligence technologies to interpret and respond to 

changes in the temperature history curve. National and international calibration 

standards, based upon the ITS-90 temperature scale definition define the purity 

requirements of the metal and temperatures at which the solidus to liquidus phase 

transformations occur [Preston-Thomas ITS-90]. These standards will have to be 

adhered to or adapted to enable metal deposition onto a fibre optic core to be used as a 

secondary calibration standard. Further standards that will need to be adhered to or 

amended define the capabilities and limitations of equipment and the schedule to 

maintain traceable measurements, for example standards concerning: fibre optic 

probes for distributed temperature measurement [BS EN 61757], utilisation of 

electronic devices and software in temperature measurement systems [BS EN 61987] 

and temperature measurement equipment calibration requirements [ISO 9001:2008]. 

Such a thermometer could be used in situations that demanded small temperature 

measurement uncertainties or that were critical to safe operation, for example: 

chemical refining, medical sterilisation and materials manufacturing processes. A self–
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calibrating thermometer of this type with traceable calibration could also act as a 

secondary standard. 

8.4 Higher temperature prototype SWIR thermometer 

configuration  

The initial development of the prototype SWIR thermometer with an uncooled, 

extended-InGaAs photodiode that received unchopped radiation was intended for the 

measurement of higher temperature ranges, above a few hundred Celsius. 

The higher temperature version of the SWIR thermometer was configured using the 

same arrangement of operational amplifiers described for the prototype mid-wave 

infrared thermometer of chapter 4 but using the extended-InGaAs photodiode that 

responded through the range of wavelengths 0.9 – 2.6 μm. This thermometer would be 

suitable for measuring higher temperatures presented by industrial processes, for 

example, metallurgical furnaces. The higher temperature range thermometer was 

configured with 1 MΩ transimpedance and consequent fast response speed. 

The characteristic voltage output versus approximate blackbody source temperature 

curve for the thermometer comprising extended-InGaAs photodiode with 425 μm 

diameter core sapphire fibre optic coupling is presented in figure 8.1. 
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Figure 8.1 Characteristic curve of 1 MΩ transimpedance, sapphire fibre optic 

coupled extended-InGaAs IRT against known blackbody source temperatures 

The output voltage generated by the IRT was higher than the equivalent InAsSb 

thermometer measuring similar source temperatures, owing to the higher 

photoresponsivity of the extended-InGaAs photodiode and better match of 

wavelengths transmitted by the sapphire fibre optic. It was evident that the minimum 

temperature measurable with this configuration would be between 200 °C and 300 °C. 

The maximum temperature measurable by the thermometer, with ±5 V power supplies, 

was estimated to be approximately 1200 °C. Typical industrial furnaces operate at 

temperatures from several hundred Celsius to over one thousand Celsius, therefore 

can be measured readily by the SWIR extended-InGaAs thermometer. The SWIR 

thermometer should be applied to industrial furnace temperature measurements, 

providing further example applications of the compact thermometers. 
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APPENDIX 1. PLANCK BLACKBODY CURVE CALCULATIONS 

The method used for calculating blackbody radiation outlined in chapter 2 has been 

formulated as a spreadsheet enabling calculation of infrared spectral radiance, 

hemispherical band radiance, radiant power incident upon a detector, photocurrent 

generated and transimpedance amplifier output voltage. The spreadsheet calculations 

are described in the following. 

Spectral radiance was calculated according to the frequency formulation of Widger and 

Woodall [1], as follows: 

𝐿𝜈(𝑇) =  (
2ℎ𝜈3

𝑐2 ) [
1

(𝑒
ℎ𝜈
𝑘𝑇 − 1)

] 

where: 

Lυ(T) is the spectral radiance of an object at absolute temperature, T 

h is the Planck constant 6.6261 x 10-34 J s 

υ is the frequency of radiation, Hz 

c is the speed of light in vacuum 2.9979 x 108 m/s 

k is Boltzmann’s constant 1.3806 x 10-23 J/K 

T is the absolute temperature of the radiation object, K 

The spectral radiance equation was rearranged and the following two constant values 

extracted from the integration, according to the numerical solution method used: 

2𝑘4

ℎ3𝑐2           (A2.1) 

and 

ℎ

𝑘
           (A2.2) 

were calculated from the fundamental constants: k, h and c. 

Wavelengths between 0.2 μm and 5.0 μm were tabulated in rows at increments of 0.2 

μm and the frequency of radiation, υ calculated for each wavelength. 
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Temperatures between 300 K and 1750 K were tabulated in columns at increments of 

50 K, with 273 K (0°C) and 293 K as additional temperature calculation points. 

The constant of equation (A2.1) was multiplied by each absolute temperature value 

raised to the fourth power, T4 and the constant of equation (A2.2) was divided by each 

of the absolute temperature values. 

The resulting variables were multiplied by the frequency of radiation related to each 

wavelength and tabulated in a look-up table referenced by the wavelength rows and 

temperature columns. These values represented the substitution by a new variable, x 

for the exponent (
ℎ𝜈

𝑘𝑇
). 

The series expansion ∑ 𝑒−𝑛𝑥 [
𝑥3

𝑛
+

3𝑥2

𝑛2
+

6𝑥

𝑛3
+

6

𝑛4
]∞

𝑛=1  for the substitute variable, x 

defined above, was calculated for the truncated series n = 1 to 10, at the upper and 

lower limiting wavelengths between which the band radiance was required. These 

calculations were undertaken at each temperature increment. The resulting values 

were the spectral radiances at each wavelength and temperature increment, which 

were presented as separate rows for the two wavelength conditions. 

The band radiance at each temperature increment was calculated by the difference 

between the spectral radiance values for the two wavelengths at each temperature 

increment. The wavelengths between which the band radiance was calculated were 

determined from the overlap of the photodiode photosensitivity curve and infrared 

fibre optic transmission curve. The photodiode photosensitivity and fibre optic 

transmission curves were represented as ‘top-hat’ functions with infinite cut-off 

gradients, as illustrated in figure A2.1 
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Figure A1.8.2 Illustration of ‘top-hat’ functions used to represent photodiode 

photosensitivity and infrared fibre optic transmission curves in calculations 

The values of band radiance calculated were multiplied by the solid angle into which 

the object emitted and the fibre optic received infrared radiation to calculate the 

hemispherical band radiance coupled into the fibre optic, calculated according to 

Fresnel’s law of normal incidence. The resultant hemispherical band radiance coupled 

into the fibre optic was multiplied by the étendue of the specific diameter and length of 

fibre optic chosen to couple the object to the thermometer. This allowed evaluation of 

the power incident upon the photodiode and multiplying the resultant values by the 

photosensitivity of the detector enabled an estimate of the photocurrent generated to 

be calculated for each temperature increment. The output voltage of a specific 

thermometer configuration, measuring different temperatures, could then be estimated 

by multiplying the photocurrent by the transimpedance value used in the thermometer 

amplifier. 

REFERENCE 

[1] W. K. Widger Jr and M. P. Woodall, ‘Integration of the Planck blackbody 

radiation function’, Bull. Am. Meteorol. Soc., vol. 57, no. 10, pp. 1217–1219, 1976. 
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APPENDIX 2. EQUIPMENT USED AND FACTORY 

CALIBRATION UNCERTAINTIES FOR MEASURING 

INSTRUMENTATION. 

A2.1 TENMA dual output power supplies, type 72-10500 serial 

numbers: 08250079315 and 08250079241  

Supplies configured to provide: positive d.c. voltage, negative d.c. voltage and zero 

Volts to thermometer printed circuit board power rails, when connected to dual supply 

printed circuit boards. The zero voltage point was defined as the mid-point of the 

positive and negative supplies. Maximum voltages and currents supplied were 

constrained to be ±8 V and 0.5 A when connected to ±5 V regulated rails. 

Positive d.c. voltage and zero Volts when connected to single–side supplied printed 

circuit board power rails. The maximum voltage and current supplied were +5 V and 

0.5 A in this configuration. A TLE2426 virtual ground rail splitter provided ±2.5 V and 

0 V from the single–side supply, with zero Volts defined as the mid-point of the 0 – 5 V 

supply. The virtual ground rail splitter could be used with higher positive d.c. voltage 

to provide a wider range of voltage to the operational amplifiers. 

A2.2 Keysight 34465A digital multi-meters (DMM) serial numbers: 

MY54503080, MY57500347 and MY54503021  

Factory calibration details in tables A2.1a – c for the measurement ranges used. 

Table A2.1a Keysight DMM Serial Number MY54503080 d.c. Volt measurements 

Range Value Measurement Error 

1-year 

Specification 

V V V % % 

0.1 0.1 0.1000016 +0.0016 0.0085 

1.0 1.0 0.9999999 0.0000 0.0039 

10 10 9.9999949 -0.0001 0.0034 

10 -10 -10.000002 0.0000 0.0034 
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Table A2.1b Keysight DMM Serial Number MY57500347 d.c. Volt measurements 

Range Value Measurement Error 

1-year 

Specification 

V V V % % 

0.1 0.1 0.1000009 +0.0009 0.0085 

1.0 1.0 1.0000011 +0.0001 0.0039 

10 10 9.9999993 0.0000 0.0034 

10 -10 -10.000004 0.0000 0.0034 

Table A2.1c Keysight DMM Serial Number MY54503021 d.c. Volt measurements 

Range Value Measurement Error 

1-year 

Specification 

V V V % % 

0.1 0.1 0.1000014 +0.0014 0.0085 

1.0 1.0 0.9999989 -0.0001 0.0039 

10 10 9.9999908 -0.0001 0.0034 

10 -10 -9.9999979 0.0000 0.0034 

A2.3 Approximate blackbody furnaces, used as radiant temperature 

sources through the range of temperatures 25 °C to 1100 °C  

The voltages generated by the prototype thermometer transimpedance amplifiers were 

characterised against the approximate blackbody furnaces, having the specifications as 

follows: 

A2.3.1 Ametek-LAND P1200B three-zone, tube furnace serial 

number 1078 

Uniformity +/- 0.2°C of radiance temperature across the central 40mm of the infrared 

emitting target surface area between 200 °C and 1100 °C temperature set point when 

controlling at temperature  
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Stability +/-0.2 °C of radiance temperature over 60 minutes duration 

Emissivity = 0.998 

A2.3.2 Ametek-LAND P80P compact calibrator; serial number 

195671 

Emissivity >0.995 

Uniformity +/- 0.2°C across the central 40mm of the radiant target surface area when 

controlling at temperature 

Stability +/- 0.5°C of radiance temperature over 30 minutes duration when controlling 

at steady-state temperature 

A2.3.3 Ametek-LAND P550P compact calibrator; RMA 56188 serial 

number 35612-1 

Emissivity >0.995 

Uniformity +/- 0.2°C across the central 50mm of the radiant target surface area at 150°C 

set point temperature when controlling at temperature, increasing to +/- 0.5°C across 

the central 50mm of the radiant target surface area at 500 °C set point when controlling 

at temperature 

Stability +/- 0.5°C of radiance temperature over 30 minutes duration when controlling 

at steady-state temperature 

Radiance temperature tolerances around set point when controlling at steady-state 

temperature 

+/- 1°C between 50-350°C 

+/- 2°C between 350-500°C 

+/- 3°C above 500°C 

A2.4 Isothermal Technology Limited (ISOTECH) milliK precision 

digital thermometer serial number 36267/1 

Factory calibration of the channels and ranges used that were calibrated to traceable 

ISO/IEC standard 17025:2005 at the time of supply are presented in tables A2.2 to A2.4. 
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Table A2.2 Factory Calibration Data for ISOTECH milliK Thermometer for both 

Channels with Type R Thermocouple Inputs Referenced to BS EN 60584-1:1996 

Simulated 

Temperature 

°C 

milliK Channel 1 

 

°C 

milliK Channel 2 

 

°C 

Uncertainty of 

Measurement 

°C 

0.0 0.22 0.17 0.4 

800.0 800.23 800.18 0.4 

1600.0 1600.24 1600.17 0.4 

 

Table A2.3 Factory Calibration Data for ISOTECH milliK Thermometer Channel 1 

with PT-100 RTD Input Referenced to BS EN 60584-1:1996 

Nominal 

Value 

Actual 

Value 

Applied 

Equivalent 

IEC-60751-

2008 

milliK Channel 1 

Measured Error Measured Error 

°C Ω °C °C mK Ω mΩ 

-200 18.520274 -199.9995 -199.9995 0.0 18.52030 0.0 

-100 60.260154 -99.9894 -99.9894 0.0 60.26007 -0.1 

0 99.999748 -0.0006 -0.0011 -0.5 99.99955 -0.2 

100 138.512807 100.0193 100.0186 -0.7 138.51250 -0.3 

250 194.099290 250.0032 250.0022 -1.0 194.09877 -0.5 

400 247.088744 399.9905 399.9886 -1.9 247.08811 -0.6 

660 332.788970 659.9907 659.9882 -2.5 332.78820 -0.8 

850 390.484578 850.0119 850.0074 -4.5 390.48332 -1.3 

Table A2.4 Factory Calibration Data for ISOTECH milliK Thermometer Channel 2 

with PT-100 RTD Input Referenced to BS EN 60584-1:1996 
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Nominal 

Value 

Actual 

Value 

Applied 

Equivalent 

IEC-60751-

2008 

milliK Channel 2 

Measured Error Measured Error 

°C Ω °C °C mK Ω mΩ 

-200 18.520264 -199.9996 -199.9995 0.1 18.52028 0.0 

-100 60.260169 -99.9893 -99.9893 0.0 60.26019 0.0 

0 99.999718 -0.0007 -0.0009 -0.2 99.99969 0.0 

100 135.512778 100.0192 100.0194 0.2 138.51262 -0.2 

250 194.099403 250.0035 250.0038 0.3 194.09951 0.1 

400 247.089233 399.9920 399.9921 0.1 247.08932 0.1 

660 332.789358 659.9919 659.9920 0.1 332.78928 -0.1 

850 390.485264 850.0142 850.0125 -1.7 390.48482 -0.4 

A2.5 Isothermal Technology Limited (ISOTECH) transfer standard 

Platinum Resistance Temperature Detector (Pt-100 RTD) serial 

number 36267/2 

An Isothermal Technology Limited transfer standard Platinum resistance thermometer 

having the factory calibration in table A2.5 that was traceable to UKAS standards at 

time of supply. 

  



 

     183 

Table A2.5 Factory Calibration Data for ISOTECH PT-100 RTD Input Referenced to 

BS EN 60584-1:1996 

Measured Temperature 

Measured Output of The 

Calibrated Thermometer 

Uncertainty of 

Measurement 

° C Ω ° C 

0.010 99.993348 0.015 

-50* 80.262505 0.025 

0.010 99.989608 0.015 

660.323* 333.167664 0.050 

419.532* 253.965198 0.040 

0.010* 99.991218 0.015 

A stirred liquid bath was used to calibrate the -50° C point, a water triple point cell was 

used to calibrate the 0.01°C point and fixed point cells containing Zinc and Aluminium 

were used to calibrate the 419.9°C and 660.3°C points, respectively. 

Uncertainty of measurement by laboratory standard Platinum resistance thermometer 

+/- 0.0008 Ω, which is equivalent to +/- 0.002 °C referenced to BS EN 60751:2008 

Callendar – van Dusen coefficients were derived from the results marked with 

asterisks in table A2.5 for use in the Callendar – van Dusen equation describing PRT-

100 resistance, R. 

R = R0 [ 1 + AT + BT2 + (T-100) CT3 ] 

Where: 

R0 = 99.98731Ω and which represented the resistance of the PRT-100 at 0 °C 

A = 3.912772 x 10-3 

B = -5.770136 x 10-7 

C = -1.024102 x10-11 
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A2.6 Isothermal Technology Limited (ISOTECH) transfer standard 

type R thermocouple serial number 36267/3 

Factory calibration, traceable to UKAS standard at time of supply and referenced to BS 

EN 60584-1:1996 standard for thermocouple electro-motive force (EMF) versus 

temperature relationship. 

Table A2.6 Factory Calibration of electromotive force (emf), E for each temperature 

measured with reference to the expected emf, Eref from BS EN 60584-1:1996 standard 

for thermocouples at the temperatures recorded. 

Temperature Measured emf (E) E – Eref Difference 

Uncertainty of 

Measurement 

°C μV μV °C 

350.48 2892 -9 0.8 

599.96 5578 -5 0.8 

850.05* 8577 5 0.8 

1099.88* 11860 12 0.8 

350.87* 2897 -8 0.8 

A deviation equation for the error E – Eref, referenced to BS EN 60584-1:1996 was 

derived from the results marked with asterisks in table YY.  

E - Eref = ct3 + bt2 + at 

Where: 

a = -0.0574629577862073 

b = 0.000115947320198002 

c = -4.88990150970532 x10-8 

A2.7 Krauss-Messtechnik (KMT) inductive data transmission system 

type TEL1-PCM-DEC, serial number 170249-01/Alarm_10V 

The calibration of the output from the inductively-coupled amplifier used in the 

machining application when the Indium Arsenide Antimony photodiode based 
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thermometer was connected to the input is presented in figure A2.1. The inductively-

coupled amplifier output would achieve up to 10V output with a higher input voltage 

provided by the thermometer, for example: from voltage amplification after the 

transimpedance amplifier or higher transimpedance in the feedback loop. It was 

evident that the output voltage from the thermometer could be multiplied by a factor 

of ten without saturating the inductively-coupled signal amplifier. 

Figure A2.1 calibration of inductively-coupled amplifier output connected to 

infrared radiation thermometer output 
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APPENDIX 3. TRACK AND COMPONENT LAYOUT DRAWINGS 

FOR THERMOMETER PRINTED CIRCUIT BOARD. 

The prototype printed circuit board was prepared using Proteus Design Suite 8.8 

computer-aided PCB design software. The top and bottom layer drawings, illustrating 

the tracks, ground planes and component positions and orientations are presented in 

figures A3.1 and A3.2. 

 

 

Figure A3.1 PCB Top Layer 
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Figure A3.2 PCB Bottom Layer 

 

 


