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Optical gas sensors are measuring instruments that can be used to determine the concen-
tration of various gases, such as carbon dioxide. They are widely utilized in many areas of
industry. In this master’s thesis commissioned by Vaisala Oyj, instrumentation electronics
and a printed circuit board were designed for a novel optical nondispersive infrared gas
sensor prototype. Previously designed separate test circuits were used as a basis for the
design work done. The research objective of the thesis was approached by utilizing the
applicable parts of the design science research method. A functioning single-circuit-board
prototype device was achieved as the main result of the work done. The main features of
the prototype were experimentally tested. In the end, after small modifications made, the
prototype’s subassemblies operated as planned. Further research is needed especially to
optimize the electronics and the printed circuit board design, as well as to define the ac-
tual performance of the prototype by using it to measure known target gas concentrations.
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Optiset kaasuanturit ovat mittausinstrumentteja, joita voidaan käyttää monien eri kaa-
sujen, kuten hiilidioksidin, konsentraation määrittämiseen. Niitä hyödynnetään laajamit-
taisesti useilla teollisuuden aloilla. Tässä Vaisala Oyj:n toimeksiannosta tehdyssä diplo-
mityössä suunniteltiin instrumentointielektroniikka sekä piirilevy uudenlaisen optisen ei-
dispersiivisen infrapunakaasuanturin prototyyppiä varten. Tehdyn suunnittelutyön pohja-
na käytettiin aikaisemmin suunniteltuja toisistaan erillisiä testipiirejä. Tutkimuksen ta-
voitetta lähestyttiin hyödyntämällä suunnittelutieteellistä tutkimusmenetelmää sen sovel-
tuvilta osin. Työn tärkein tulos on osana sitä toteutettu toiminnallinen yhden piirilevyn
prototyyppilaite. Prototyypin pääominaisuuksia testattiin kokeellisesti. Pienten muutosten
jälkeen prototyypin osakokonaisuuksien todettiin toimivan suunnitellusti. Jatkotutkimus-
ta tarvitaan erityisesti suunnitellun elektroniikan ja piirilevyn optimoimiseksi, sekä proto-
tyypin suorituskyvyn määrittämiseksi tunnettuja kohdekaasun pitoisuuksia mittaamalla.
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1 INTRODUCTION

Interestingly, the practice of using canary birds for detecting hazardous gases inside coal
mines had not been completely stopped in the United Kingdom until as recently as just a
few decades ago [1]. As seen in figure 1 [2], not only birds but also other small animals
like rabbits have been historically used for similar kinds of purposes. This is because
smaller animals typically react to considerably lower concentrations of many lethal gases
than humans do [3], thus offering their possessor an opportunity to escape from the danger
zone or take other measures required to normalize the situation.

Figure 1. A 1970’s public domain photograph by a Denver Post photographer, showing a caged
rabbit being used to monitor for potential sarin gas leaks at a chemical plant manufacturing the
notorious nerve agent. The figure is retrieved from [2].

Fortunately for the canaries and other sentinel species alike, scientists and engineers have
invented more accurate and reliable methods for detecting and monitoring the concentra-
tion of many types of gases [4]. One of these modern methods, or branches of technol-
ogy, is optical gas sensing. It should be noted that the aforementioned mining industry
certainly is not the only utilizer of this technology. Instead, many kinds of optical gas
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sensors are used for a wide variety of applications in different fields of industry, such as
building automation, life sciences, process safety and food industry. Optical gas sensors
can be sorted into subcategories based on their operating principle. This thesis focuses
on nondispersive infrared sensing, which is an absorption-based optical gas sensing tech-
nology - however, it is notable that also non-absorption-based gas sensing technologies
exist and are well suited for some applications, like low-concentration ambient air quality
measurements [5].

Due to their highly application-specific nature, it would be difficult to make substantiated
claims that there would be distinguishable technology-wide historical turning points in
the development of optical gas sensors. Not any single method has been able to stand out
and gain a significant market share in the industry [6], instead the perception created by
the different commercial actors in the field - as well as actual customer need for certain
features - has dominantly guided the development work towards multiple directions that
have changed over time due to changes in the industry. In practice this could mean, for
example, pursuing for miniaturization of a device or the objective of trying to achieve
a higher accuracy or a wider measuring range [6]. Pursuit of improved performance of
an existing technology is essentially the goal of this thesis too, as described later in this
chapter.

1.1 Background & motivation

At Vaisala Oyj (hereinafter referred to as Vaisala) both new applications for existing mea-
surement technologies and new measurement technologies for existing and potentially
profitable applications are constantly being studied and developed. The company invests
significantly in research and development; at the time of writing up to 13% of the com-
pany’s net sales is invested in R&D and about 22% of the ca. 1,800 Vaisala employees
worldwide work within R&D activities [7,8]. At the Vaisala Industrial Measurements de-
partment, versatile development work related to the CARBOCAP® optical nondispersive
infrared gas sensing technology has been done over the years. One of the many aspects
of the development work is to shorten the response time as well as to further improve
measurement sensitivity. This type of rapid yet highly responsive optical gas measure-
ment technology has several interesting potential applications related to both industrial
and environmental measurements, including but not limited to the uninterruptedly mov-
ing production lines of food and beverage industries, and monitoring fluxes of certain
gases related to background air quality and agriculture [5, 9]. This thesis acts as a step
towards the commercialization of the rapid CARBOCAP® technology.
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1.2 Objectives & delimitations

The research objective of this master’s thesis is to design and implement electronics for a
prototype measuring instrument used for optical gas measurements. Most subsystems of
the concept have been proven to work but tests with known gas concentrations have not
been done yet. Thus, the previously created separate prototypes of the different subsys-
tems will be combined to form a stand-alone single-circuit-board solution. This allows
performance evaluation of the concept through measurements of known target gas con-
centrations. As a new feature, control electronics required for the temperature control of
the detectors used will be added onboard to complement the trial designs implemented so
far - in the past, a separate bench top device (Thorlabs TED200C) has been used for this
purpose. The prototype consists of a custom-made optical cuvette, and a printed circuit
board (PCB) containing the following electrical subsystems:

• A Vaisala Microglow (µG) IR source & a voltage-tunable optical Fabry–Pérot in-
terferometer (FPI) filter and the control electronics required to operate them.

• A photodiode-based infrared (IR) detector - two alternatives are tested.

• Amplification of the measurement signal produced by the detector.

• Control & driver electronics for thermoelectric cooler (TEC) modules integrated
inside both of the detectors used.

• A multi-purpose microcontroller unit (MCU) for the analog-to-digital (A/D) con-
version & conditioning of the measurement signal and for controlling the prototype.

• RS-232 serial bus that enables flashing & commanding the MCU, as well as logging
measurement data using a command-line interface on a personal computer.

• Power management, including the main supply voltage inputs and regulating the
initial input voltage to the smaller voltage levels, as well as boosting the initial
input voltage to the higher voltage levels required.

• Passive electromagnetic interference protection & filtering.

This thesis does not consider the optomechanical design (including the mechanical de-
sign of the optical cuvette, type[s] of the mirror[s] used, component alignment, focusing,
et cetera) of the prototype. In addition, embedded software development necessary for
operating the prototype will be fully excluded from the scope of this work due to the lim-
ited schedule. Any work related to these topics is to be completely taken care of by other
engineers of the Vaisala Industrial Measurements unit.
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1.3 Research methods & materials

The research objective is approached by making use of the seven guidelines of the design
science research method, proposed by Havner et al. in [10], to the extent applicable.
This outcome-based research method should be well-suited for the purpose of this thesis
considering that the objective of the thesis is to produce a novel artifact (a prototype
device) that is designed to improve the performance of existing technology, in the same
manner as Havner et al. describe the method [10].

Literary information related to the basic theory background of the field of research of this
thesis is acquired from various fundamental literary works, such as books released by
academic publishers, scientific journal articles, conference proceedings as well as thesis
publications. Reference is also made to various articles and other material that is avail-
able online. In addition to the academic publications and online materials, application
notes released by electronics manufacturers and datasheets of the electronic components
chosen are used as a reference for the design work done. The design work is partly based
on proprietary Vaisala prototype designs and experiential knowledge of the company’s
electronics engineers. At the request of the company, efforts were made to use previously
utilized components as well as suppliers to the extent possible.

1.4 Structure of the thesis

This thesis is divided into seven main chapters. First, in Chapter 1, the topic of the work is
described at a general level and the background, objectives and delimitation of the thesis
are introduced. Then, in Chapter 2, the fundamental theory of absorption spectroscopy
is explained and some components typically used and their operating principles are pre-
sented. The 3rd Chapter examines the theory of electronics relevant to the design work
done, as well as the electrical properties related to the essential components used. After
that, Chapters 4 and 5 describe the prototype instrumentation electronics and the PCB de-
signed, respectively. In Chapter 6, the measurements performed using the prototype and
the results obtained are described and discussed. Furthermore, the results are evaluated
and proposals for future work are revealed. Finally, Chapter 7 concludes the work.
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2 ABSORPTION SPECTROSCOPY

This chapter introduces the theory background related to absorption spectroscopy, begin-
ning from describing the essential concepts and ending to an introduction and comparison
of selected electronic and optical components suitable to be used in optical gas measure-
ments. It should first be noted that there are many other gas sensing technologies in addi-
tion to optical gas sensing. These include various methods based on observing changes in
the electrical properties of the material used for detection, like the electrochemical cells,
and many other less common methods, like calorimetric and acoustic gas detectors [11].
This thesis focuses on spectroscopy, which is a field of research and technology that uti-
lizes the study of how electromagnetic (EM) radiation interacts with matter [12]. More
specifically, as described by Kumar [13], absorption spectroscopy is one of the three main
branches of spectroscopy and deals with how electromagnetic radiation is absorbed at
different wavelengths - the remaining two branches, scattering spectroscopy and emis-
sion spectroscopy, are not relevant to this thesis and are thus ignored. The concept of
absorption spectroscopy also includes the versatile variety of methods used to perform
absorption-spectrometric measurements.

2.1 Electromagnetic spectrum & absorption of radiation

EM radiation is a form of energy that behaves both like particles and waves do [14].
EM radiation is divided into different regions, called bands, that correspond to all the
different wavelengths and frequencies of it. These bands together form the spectrum
of electromagnetic radiation, seen in figure 2 [15]. The bands of EM spectrum include
gamma radiation (γ-rays), X-radiation (X-rays), ultraviolet (UV), the visible spectrum,
infrared (IR), microwaves and radio waves. As the Planck–Einstein relation suggests, the
shorter the wavelength of EM radiation, the higher its frequency and energy [16]. Partly
because of this relation, very low or very high energy EM radiation cannot be widely
utilized in absorption spectroscopy; low-energy radiation may not be sufficient to change
the energy state of the observed substance, and too high an energy could lead to ionization
of the substance.
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Figure 2. The electromagnetic spectrum and its different bands, with the IR band highlighted. The
IR region is unraveled and defined in more detail as described in [17]. The figure is an adaptation
of [15], retrieved and modified under the CC BY-SA 3.0 license.

Nevertheless, most of the bands of EM radiation can be used for absorption spectroscopy,
though some of the bands are only suitable for highly specialized applications and are
used solely for the purpose of scientific research. Table 1 [13] lists the most common
types of absorption spectroscopy and their respective bands of EM radiation.

Table 1. Main types of absorption spectroscopy. [13]

Band of EM Radiation Spectroscopic Type

X-ray X-ray Absorption Spectroscopy

UV–Vis Ultraviolet–Visible Absorption Spectroscopy

IR Infrared Absorption Spectroscopy

Microwave Microwave Absorption Spectroscopy

Radio wave
Electron Spin Resonance Spectroscopy,

Nuclear Magnetic Resonance Spectroscopy

X-ray & microwave absorption spectroscopy have a limited number of industrial appli-
cations (for example, some related to microelectronics processing technology, healthcare
technology and analytical chemistry [18–20]), whereas applications of radio wave ab-
sorption spectroscopy are almost exclusively related to scientific research, such as astron-
omy [21]. In turn, the most significant commercially exploited bands of EM radiation are
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UV/Visible and IR. Some examples of the users/uses of UV–Vis absorption spectroscopy
would be the cosmetic industry, food & agriculture industry, and qualitative & quanti-
tative analysis performed in the pharmaceutical industry. It should be noted that not as
many gases absorb energy on the UV–Vis band as on the IR band. A few examples of
IR absorption spectroscopy would be a variety of measurements performed for dynamic
quantities, long-term monitoring of gaseous substances, as well as industrial automation
& process control. Some commonly measured gases absorbing at the IR band include car-
bon monoxide (CO), carbon dioxide (CO2), sulfur dioxide (SO2), nitrogen oxides (NOx),
nitrous oxide (N2O, ammonia (NH3), hydrogen chloride (HCl), hydrogen fluoride (HF),
methane (CH4), et cetera [22].

When EM radiation passes through a gaseous medium, may it consist of either atoms
or molecules, most of the radiation passes through losslessly. Nonetheless, at some
substance-specific wavelengths, the intensity of the incident radiation decreases, as en-
ergy is absorbed into the chemical substance the medium consists of. When energy is
absorbed, the atoms or molecules contained in the medium move from their baseline en-
ergy state to a more energetic, excited state. The type of transition of the energy state (e.g.
electronic transition or molecular vibration/rotation) depends on the energy of the photons
in the EM radiation, which in turn is related to the wavelength of the radiation. Figure
3 [23] shows the IR absorption bands of a few gases. Worth noting is that some substances
absorb at overlapping wavelengths, which can cause measurement interference. [13]

Figure 3. IR absorption spectra of certain gases used in industrial applications. Some typical
applications are named and their respective wavelength ranges highlighted using double-headed
arrows. The figure is retrieved from [23] under the CC BY 4.0 license.
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Especially water (H2O) absorbs IR radiation over a very wide wavelength range and over-
laps with the absorption bands of many other substances. Whenever overlapping ab-
sorption wavelengths are used for measuring, the need for compensation is created [22].
Compensation can be carried out for example by introducing a reference measurement to
the system. Unfortunately, this would make the system more complex and increase the
sources of measurement uncertainty, so whenever possible, a non-overlapping wavelength
should be chosen to reduce the risk of cross-sensitivity.

As highlighted throughout this section, many chemical substances having some use in
industrial applications absorb on the IR band. This makes IR absorption spectroscopy an
attractive subject for commercial research and development.

2.2 Infrared absorption spectroscopy

IR absorption spectroscopy can roughly cover the portion of the EM spectrum that sets in
between the near-infrared (NIR) and the long-wavelength infrared (LWIR) regions. The
corresponding endpoint wavelengths for these two IR bands are approximately 0.75 µm
and 15.0 µm [17], depending on the definition. Some of the IR bands are naturally useful
for a larger number of applications than others, as the absorption bands of the different
target materials, substances and compounds are not evenly distributed along the IR spec-
trum [24]. Many gases strongly absorb at the mid-wavelength infrared (MWIR) band [25].
IR absorption spectroscopy is suitable for many kinds of scientific and industrial appli-
cations of both qualitative and quantitative type, such as compound characterization and
optical gas measurements. The latter of these two applications has produced a broad fam-
ily of measurement devices designed to detect a certain gas and measure the concentration
of it. Some of the state-of-the-art devices are capable of accurately measuring multiple
different gases [26].

Nondispersive infrared (NDIR) sensors are among the most widely used types of optical
gas measurement sensors. In practice, NDIR means that the IR radiation used to perform
the measurement does not disperse while traveling through the sensor and the gaseous
medium, meaning that no prism-like scatter-causing optics are used. Compared to the
dispersive IR sensors commonly used in analytical chemistry, NDIR sensors are used
for a different purpose and are simpler in structure [27]. Figure 4 [28] shows the key
components of a typical NDIR sensor used for optical gas measurements.
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Figure 4. An illustration of the structure of Vaisala CARBOCAP® sensor and the key components
of it. The structure seen is, for the most part, quite typical for NDIR sensors. [28]

These devices typically include: 1. an IR source, 2. an IR detector, and 3. some optical
filtering and other optics, such as mirror[s]. Lastly, some form of an optical cuvette is
often used as the waveguide and a mounting base for the electronics and the introduced
components 1.-3. Now let us break down and refine each of these typically used compo-
nents and their purpose. First, in order to accomplish the desired excitation of the gaseous
molecules of interest, as introduced in section (2.1), an IR source (also called an IR emit-

ter) has to be utilized. Then, at least one optical filter, be it of fixed-bandpass or tunable
type, is usually placed somewhere within the optical path between the emitter and detec-
tor components to make it possible to distinguish the absorption caused by the target gas
from that of other gases that could otherwise interfere with the measurement. It is quite
common to use several filters to separate the reference and absorption bands. Mirrors
or other optics can be used to compactly increase the length of the optical path between
the emitter and detector components, allowing for lower concentrations of target gases
to be detected. Finally, a detector is required to observe the signal initially transmitted
by the emitter, and to detect the decrease in radiation intensity caused by the absorption
of energy. Modern NDIR sensors virtually always include some computing power too,
as a wide variety of small-sized embedded microprocessors are nowadays available at
several different price categories. Some of the microprocessors available are specifically
designed for measurement applications.
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NDIR spectroscopy is based on the Beer–Lambert–Bouguer law, which combines the
decrease in radiation intensity (caused by absorption of radiant energy) with the material
properties of a substance. This makes it possible to calculate the concentration of a target
gas within a constant optical distance. The equation can be represented in the following
form:


I
I0

= e−k·C·L

A = ln

(
I

I0

) (1)

where I [
W

cm2
] is the radiation intensity after passing through the sample gas, I0 [

W

cm2
]

is the intensity of the incident radiation, k [M · cm−1] is absorption coefficient, C [M] is
the gas concentration, L [cm] is the length of the optical path, and A (a dimensionless
quantity) is absorbance [29]. An alternative, more practical form of the equation is called
the Beer–Lambert law. It states that

A = k · C · L , (2)

where, again, A is absorbance, k is absorption coefficient, L is the length of the optical
path and C is concentration [30].

Next, some typically used alternatives of the main components required are reviewed in
more detail. Their respective advantages and disadvantages are assessed superficially.
Mirrors and optical cuvettes are excluded from the review, as use of mirrors is non-
mandatory and as optical & mechanical components are excluded from the scope of this
thesis, as explained in section (1.2).

2.3 Infrared radiation emitters

There are many kinds of methods available for producing IR radiation. Most of these
methods are suitable to be used for at least some of the IR spectroscopy applications.
There are also several manufacturers that produce IR emitter components specifically
designed for NDIR applications. IR sources suitable for modern commercial IR spec-
troscopy devices can be categorized for example by their emission band, which can be
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either narrow, or follow the broadband distribution of black-body radiation. According to
this division, the methods for producing IR radiation can be treated as electroluminescent

and incandescent sources. When making the decision of which type of an IR radiation
source to use in an NDIR sensor, one should take into account at least the following three
things: what is the absorption wavelength of the target gas (the source needs to be able to
produce radiation at that wavelength band), what is the desired level of detection limit (as
it is related to radiation intensity), and what kind of a detector is going to be used.

2.3.1 Electroluminescent sources

The two primarily used electroluminescent IR sources in NDIR applications are IR light-
emitting diodes (LED) and semiconductor-based sources utilizing light amplification by
stimulated emission of radiation. Research in recent years has produced MWIR-band
LEDs that can be used in a variety of industrial gas measurement applications due to
the possibility of customizing their emission peak in the manufacturing process [31] and
lately many electronics manufacturers have increasingly started to release IR LEDs de-
signed specifically for NDIR applications [32–34]. IR LEDS are very selective as their
emission band can be optimized to be suitably narrow, yet wide enough to cover the
absorption band of the target substance in its entirety [35]. They consume only a few
percent of the power consumption of a typical incandescent source - power consumption
for IR LEDs being in the order of milliwatts and for incandescent sources in the order
of tens to hundreds of milliwatts. Their long-term stability is good; according to John-
ston, a test exceeding 1.5 years of continuous operation showed no mentionable drift in
the spectral bandwidth or the output power of an IR LED [36]. IR LEDs have few in-
disputable objective disadvantages, but a significant one worth a mention is that at wave-
lengths above 3.3 µm their conductance becomes highly temperature dependent due to a
narrow band gap, eventually causing the radiation recombination in the semiconductor to
decrease [37]. In other words, single-wavelength standalone IR LEDs cannot operate at
the mid-wavelength IR band and above as reliably as at shorter wavelengths. In addition,
IR LEDs have many noise sources such as thermal, Poisson, generation recombination,
1/f, and random-telegraph noise [38]. Other disadvantages associated with IR LEDs are
mainly of subjective nature and related to the user’s requirements for the component; for
example, IR LEDs are more expensive than incandescent sources [39] and even though
the optical performance of IR LEDs can be considered excellent, it is still not as good as
that of semiconductor lasers [40].

Even though IR sources based on lasers can be and are increasingly used in NDIR ap-
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plications [6, 41], the branch of spectroscopy utilizing lasers is not exactly NDIR spec-
troscopy, but more commonly known as laser absorption spectroscopy. Semiconductor
lasers, applications of electroluminescence processes [42], offer extremely good optical
performance that is superior to that of all the other IR sources available [43]. These top-
quality optical properties include their very narrow emission band leading to excellent
selectivity, and their high power density that can significantly improve signal-to-noise ra-
tio (SNR). Due to their versatility, lead–salt lasers were for decades the most commonly
used type of lasers used in NDIR applications with requirements for a very high precision,
down to the parts per trillion level. By modifying the manufacturing process, it is possible
to determine their peak emission wavelength from within the range of about 3 to 20 µm
(SWIR to the FIR) [44]. The same possibility of choosing the emission wavelength from
within even a wider range of 3 to 300 µm applies to the newer technologies like quantum
cascade lasers and interband cascade lasers [45]. One major disadvantage of lasers used to
be their need of cooling, especially when operating in continuous mode [44]. For some of
the laser types, however, the need for cooling can be drastically reduced or even fully by-
passed by operating the laser in pulsed mode; in the pulsed operation mode, the laser does
not consume power continuously, and thus neither power dissipation, i.e. heat, is contin-
uously generated [45]. In addition, research is constantly being done to further develop
lasers that are suitable for NDIR applications and able to operate without cooling [45,46].
Some commercially available lasers of this type do already exist [47]. The optimal optical
performance of lasers comes with a high, often disproportionately expensive unit price -
IR sources inferior to lasers can provide good enough performance in many applications.
Cost of devices such as laser components is however again a purely subjective type of a
drawback arising from the requirements imposed on the device by its user.

2.3.2 Incandescent sources

Incandescent (or thermal) IR sources work so that when they heat up due to an electric
current flowing through them, they start to emit broadband quasi- or true black body radi-
ation, the emission spectra of which at a few different temperatures can be seen in figure
5 [48]. As can be seen from the figure, the emission peak wavelength and radiant energy
of a black body radiator are dependent on the radiation source’s temperature. For exam-
ple, if it would be desired to emit radiation at the MIR band, the radiator temperature
should be set to approximately somewhere in between 300 and 1000 K, depending on the
exact desired peak wavelength. Before the development of microelectronics manufactur-
ing processes and the large-scale utilization of microtechnology, the most typically used
IR source in NDIR applications was an incandescent lamp. Incandescent lamps are inex-
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pensive to produce due to their simple manufacturing process. An output energy greater
than that of IR LEDs, their wide wavelength range, and affordability are their greatest
advantages [49]; in turn they have few but highly impactful disadvantages such as erratic
long-term stability that can considerably vary between individual units, and microphonic
noise caused by vibration. Regardless of these reliability-impacting disadvantages and
although their use is becoming rarer, incandescent lamps are still used as IR sources
in NDIR applications [6]. However, better-performing microelectromechanical system
(MEMS) based components, like the Vaisala-patented µG, continue to steadily keep on
increasing their share in NDIR devices utilizing an incandescent IR source.

Figure 5. A graph showing black-body radiation distribution at different temperatures on a loga-
rithmic scale. Highlighted are the average temperature of sun (orange curve at 5777 K) and typical
room temperature (red curve at 300 K). The figure is retrieved from [48] under the CC BY-SA 3.0
license.

Availability and the number of variations of MEMS-based IR emitters has greatly in-
creased during the last decade and multiple manufacturers now offer extensive product
families consisting of emitters designed for different applications. Main differences be-
tween the components are related to the size of their active area, power consumption,
response time and expected lifetime. Nominal power consumption is typically in the or-
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der of hundreds of milliwatts and the response time (time constant) in the order of tens
of milliseconds. Lifetime expectancy varies more, from months to as much as several
years of continuous operation. Lifetime expectancy is related to the operating tempera-
ture; the higher the temperature, the shorter the lifetime expectancy. This, however, is just
a generalization - the exact relationship between temperature and life expectancy is more
complex and depends, for example, on the materials used in the component. Different
packaging/mounting solutions are provided, and usually customer-specific packaging can
be arranged. Compared to the incandescent lamp filaments, MEMS-based incandescent
emitters can be considered practically rigid as they are very small in size and often built
over a silicon substrate. Rigidness of the emitter successfully eliminates the risk of mi-
crophonic noise typical for incandescent lamps. MEMS-emitters also offer a significantly
better long-term stability, though the actual lifetime expectancy varies a lot between com-
ponents produced by different manufacturers. [50–53]

Since the basic principle of operation is same for both of the incandescent sources dis-
cussed, there are individual negative and positive properties common to both of them.
Both incandescent lamps and the MEMS-based emitters can be thought of as thermal
components because their operation is based on thermal emission. The time taken for the
emitter to warm up and cool makes the response time of incandescent sources to be orders
of magnitude slower than that of the IR LEDs and lasers. This makes using them in rapid
measurement applications challenging. On the other hand, a common major benefit and
a definitive feature for both types of incandescent sources discussed is their broadband,
temperature-dependent emission spectrum, which allows them to be used to measure a va-
riety of gases when combined with optical filters. This is a feature that is not an inherent
part of the other types of IR sources, like IR LEDS and lasers.

2.4 Optical filters

Optical filters are devices that have a transmittance varying with wavelength. They are
based on different operating principles like absorption, acousto-optic effect, refraction,
diffraction and interference. Two types of interference-based optical bandpass filters can
be used in absorption spectroscopy, where it is important to limit the radiation wavelength
to the absorption band of the target gas. Passive monolithic filters, that have a fixed pass-
band (or multiple pass-bands), an example of which can be seen in figure 6 (a) and active
ones, that have a tunable pass band, as shown in figure 6 (b). Both passive and active
interference filters utilize the effects of optical interference and phase shift in order to
create a wavelength-dependent passage. There are five main types of passive filters having
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a different spectral shape: bandpass filters, notch filters, shortpass edge filters, longpass
edge filters and dichroic filters [54]. Passive filters can be implemented, for example, by
coating a radiation-transmitting substrate with a layer of anti-reflective coating having a
suitable reflection coefficient n and a thickness d equal to quarter of the wavelength λ [55].
In an NDIR sensor, optical filter chips can be placed on top of the emitter, detector, or both
of them; sometimes a combination of passive and active filter components is used in high
quality measurement devices. Like any other components, also optical filters are non-
ideal. Their pass-band transmittance is never 100%, and even though the transmittance of
high quality filters can drop very rapidly (> 90 % / nm) at the roll-off region, it is important
to note that their transmittance is not 0 % everywhere outside the desired pass-band. [56]

1. Incoming radiation

3. Silicon substrate

d1
n1

n2

n0

4. Reflected radiation

2. Coating thickness

5. Refractive index

of the ambient

6. Refractive index of 
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7. Refractive index of 

the silicon substrate

(a) A passive, fixed pass-band ARC filter.

1. Incoming radiation

2. Contact plating

3. Upper mirror

4. Lower mirror

5. Tunable air gap

6. Silicon substrate

(b) An active, voltage-tunable FPI filter.

Figure 6. Side-view schematic diagrams of the two different filter types discussed. Subfigure (a)
shows a passive filter and subfigure (b) an active filter. For both of the subfigures, main parts of
the device as well as other objects of interest are pointed out using dashed lines.

The use of active filters, like the voltage-tunable Fabry–Pérot Interferometer seen in fig-
ure 6b, allows measuring both the absorption wavelength of the target gas and a reference
wavelength where no absorption occurs, operating at only one optical path using single
incandescent IR source and a single detector having a broad enough detectivity. As de-
scribed in an application note of Vaisala:

"The reference measurement compensates for any potential changes in the

infrared source intensity, as well as for dirt accumulation in the optical path,

eliminating the need for complicated compensation algorithms. Simple and

cost efficient, the single beam dual-wavelength sensor is highly stable over

time, requiring minimal maintenance." [57]
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2.5 Infrared detectors

As with producing IR radiation, there are also many kinds of methods for detecting it.
A commonly used division of IR detectors into two subcategories, consisting of thermal
and photonic detectors, is used in this thesis. IR detectors of any type can be enclosed in
hermetically sealed component packages, such as the Transistor Outline (TO) cans. The
component package can then be filled with an inert gas, like nitrogen, in order to protect
the detector chip from environmental factors such as humidity and other contaminants.
This can prolong the lifetime of the detector. When choosing the method of detection, it
can be wise to begin by first considering the desired spectral response, specific detectivity
and response time, as these three key features are characteristic for the different detector
types, and are directly related to the detector’s suitability for different applications. This
kind of an approach can effectively help in limiting the number of detector options to
choose from, as these parameters are equally defined for all of the detector types. Other
relevant parameters should be considered after choosing the detector type to be used,
as these are different for the different types of detectors. An excellent compendium of
IR detector figures of merit is included for example in the book "Infrared Detectors" by
Rogalski [58]. Therefore, only a brief summary of the main properties is given.

Normalized spectral responsivity describes how sensitive a detector is to different wave-
lengths [58]. Normalized spectral responsivity is a relative quantity having an arbitrary
unit and its values range from 0 to 1 or 0% to 100%. Exact method of calculating the
spectral responsivity can vary between detector types - this has to be considered when
considering the spectral responsivity of a detector. Specific detectivity (or normalized
detectivity) D* [cmHz1/2W−1, Jones] links together the main characteristics of the de-
tector’s performance, i.e. its spectral response, noise equivalent power, and the active
surface area of the sensor [58]. The higher the specific detectivity, the better the detector.
It should be noted that different noise sources can be dominant for different types of de-
tectors. The response time of a detector is determined by the time constant τ. As defined
by The International Society for Optics and Photonics: "The term response time refers to

the time it takes the detector current to rise to a value equal to 63.2% of the steady-state

value" [59].

2.5.1 Thermal detectors

The operation of thermal detectors is based on various phenomena caused by a tempera-
ture difference or a change in temperature. Thermal detection methods include measuring
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a voltage signal generated by means of the thermoelectric effect (thermocouples and ther-
mopiles), observing a change in electrical resistance caused by temperature dependency
of the detector (bolometers and microbolometers), measuring the electrical current gen-
erated by pyroelectric effect (pyroelectric detectors) and monitoring measurement signal
changes caused by thermal expansion of the target gas in a sealed space (Golay cells). Let
us break down the main differences of the thermal detector types presented and briefly
consider their performance reflecting to the three universal parameters of performance.
The spectral response of precisely engineered thermal detectors can be excellently uni-
form throughout the entire band of IR radiation; however, if an optical window is used to
seal the detector housing, the true spectral response is negatively affected by the optical
properties of the window. [58]

Figure 7 [60] shows the theoretical specific detectivity of an ideal thermal detector.

Figure 7. A graph showing the theoretical maximum specific detectivity of a thermal detector on
a logarithmic scale as a function of temperature. The figure is retrieved from [60].

When operating at room temperature (295 K) real, non-ideal thermal detectors seldom
reach a specific detectivity higher than 109 Jones. Out of the discussed types of thermal
detectors, commercially available Golay cells, radiation thermocouples and pyroelectric
detectors reach the highest detectivity of approximately 7·108 to 2·109 Jones, while the de-
tectivities of the less sensitive bolometers and thermopiles can typically reach a detectivity
of about 108 to 2·108 Jones [61]. Despite thermopiles being less sensitive than the other
types of thermal detectors, they are commonly used in several applications rather than the
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more sensitive alternatives because of their excellent reliability and price–performance
ratio. As for the response time, thermal detectors are significantly slower compared to
photonic detectors due to the slow nature of thermal phenomena, as explained in section
(2.3.2). Response time of thermal detectors depends on the detector’s heat capacity and
heat loss per second per temperature degree [60]. There is some variance between the τ
value of the different types of thermal detectors; typical values of it range from about 1 to
100 ms, which makes using them in applications requiring a short measurement interval
unfavorable. For such applications, photonic detectors should be considered. [58]

2.5.2 Photonic detectors

Different types of photonic detectors utilize many kinds of photoeffects, such as photo-
conductive & photovoltaic effect (photodiodes, p–i–n photodiodes, avalanche photodi-
odes, etc.), photoelectromagnetic effect (PEM detectors), photo–Dember effect (Dember
photodetectors), and photon drag (photon drag detectors). Of these, most research and
commercial development work has been done on photonic detectors relying on photo-
voltaic and photoconductive effects, for which reason they are highlighted in this thesis
too. In photovoltaic mode, photons hitting the photodiode’s detection area (depletion re-
gion) generate a voltage over the semiconductor’s p–n junction, which in turn creates a
measurable photoelectric current. When the p–n junction is connected to an external cir-
cuit, such as an amplifier configuration, current will flow through that circuit when the
p–n junction absorbs radiation. Alternatively, open-circuit voltage can be measured. Ei-
ther of these methods enable measuring the amount of radiation reaching the detector. For
photovoltaic-mode detection, no bias voltage or a load resistance is required.

When a photodiode is used in photoconductive mode, it could be described as a resistor
that is sensitive to radiation. In thermal equilibrium, a semiconductor contains free charge
carriers; electrons and holes. The concentration of these charge carriers changes when
radiation is absorbed by the semiconductor. If the photon energy of the absorbed radiation
is large enough, more free electrons will be generated in the semiconductor material. This
increase in free charge carriers causes the conductance of the semiconductor to increase.
In photoconductive mode the photodiode is operated under a reverse bias, so the higher
electrical current produced by the change in conductance can be observed as a change in
voltage drop over a series-connected load resistance. One of the greatest disadvantages
of photodiode-based detectors is their material-property-dependent dark current noise,
which is defined in [60] as an output current that flows without radiation entering the
detector. The effect of dark current, more significant when operating in photoconductive
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mode, can be greatly reduced by proper amplifier design and by operating at a lower
temperature. [58, 59]

The spectral response of photonic detectors is mainly limited and determined by the mate-
rial properties of the semiconductors used to fabricate the detector. The wavelength range
detectable by photonic detectors designed for NDIR applications sets to between the NIR
and MWIR (0.75 to 8 µm) bands of IR radiation, though detectors having their peak detec-
tivity at longer wavelengths do exist. Other factors limiting the spectral response include
detector coatings and optical windows, if such are used. The specific detectivity of pho-
tonic detectors greatly varies between the different subtypes. Figure 8 [59] shows the
specific detectivity of typical commercially available photovoltaic and photoconductive
detectors.

Figure 8. A graph showing typical detectivity of different kinds of cooled photovoltaic (PV) and
photoconductive (PC) IR detectors. The graph also includes the ideal detectivity curve for both
PV and PC detectors. The figure is retrieved from [59].

As figure 8 [59] implies, certain photovoltaic and photoconductive detectors can reach



27

a specific detectivity of up to almost 1012 Jones, when cooled down to cryogenic tem-
peratures. Even the median value of detectivity for the presented detector types - ap-
proximately 1010 Jones - is much higher than the typical specific detectivity of thermal
detectors. Detectors with high specific detectivity at room temperatures are being studied
and further developed - some products are already commercially available. The response
time of commercially available photonic detectors ranges approximately from the order
of microseconds to the fastest reported response time of in the order of nanoseconds. This
makes photon detectors as much as six orders of magnitude faster than thermal detec-
tors. [58, 59]

Until photonic detectors with a high specific detectivity and overall performance at room
temperature, such as those reported by Piotrowski and Rogalski in [62] start to emerge
on the market on a large scale, various methods can be used to boost the performance
of the current-state photonic detectors. For example, thermoelectric cooling can be used
to implement a low-power and small-size temperature control system [63]. Cooling the
detector and controlling the temperature effectively reduces the chance of random ther-
mal excitation [58] and can thus help to improve performance of the highly temperature-
dependent photonic detectors. Detectors that could be used without cooling them would
make measuring devices much simpler and thus cheaper and easier to implement. Other
methods used to further boost the performance of photonic detectors include adding opti-
cal concentrators of various geometries, made of materials that do not interfere with the
wavelength range of the detector’s spectral response. Typical examples of lens geome-
tries include hemispherical and hyperhemispherical immersion microlenses. These kinds
of lenses are placed or formed on top of the detector chip. [64]

In his master’s thesis, Huuhtanen theoretically and experimentally compared different
methods of IR detection from the perspective of Vaisala’s CARBOCAP® technology,
and concluded that photonic detectors could offer a significant boost in the overall per-
formance of CARBOCAP® sensors (including detectivity, SNR and measurement fre-
quency) relative to the thermal detectors included in the comparison [65]. It is therefore
well justified to continue the study on the use of photodetectors in the framework of this
thesis, as a continuation for the work started by Huuhtanen.
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3 ELECTRONICS THEORY

In order to understand practical operation of the electronic components relevant to this
thesis and to enable informed and justified component choices to be made, it is necessary
to briefly go through the essentially related electronics theory. This chapter examines the
basic operating principle of the components with the most significant impact in terms of
end result of the design work displayed in this thesis. Essentially related characteristics
& parameters and their effect on performance are introduced. In addition, it is briefly as-
sessed which of the available component options and commonly used circuitry associated
to them are most suitable for noise-sensitive measurement and instrumentation applica-
tions.

3.1 Operational amplifiers

Operational amplifiers (OP-AMP) are electronic devices used for voltage amplification.
The most basic form of an OP-AMP consists of two input terminals and a single output
terminal. The positive input terminal maintains the phase of the incoming signal while
the other, negative one, inverts it by π radians. The output voltage (with a selectable
amplification) depends on the voltage difference between the two inputs. In addition
to the signal input and output terminals, OP-AMPs naturally also include positive and
negative supply voltage terminals. Basic operation and analysis of OP-AMPs is based on
the so-called voltage feedback model, a set of idealized assumptions, which describe with
sufficient accuracy the operation of the vast majority of OP-AMPs. Basic performance
and quality of OP-AMPs is measured by reflecting the actual operation of the device to
these ideals. For high-frequency applications (> 1 MHz), current feedback OP-AMPS are
preferred. Fundamental parameters describing the operation of OP-AMPs include open-
loop gain, closed-loop gain, signal gain, noise gain, loop gain, gain-bandwidth product
and phase margin. In noise-sensitive low-frequency applications these parameters are not
of concern - the parameters and characteristics relevant to such applications are presented
later in this section. Signal & noise gain of an OP-AMP depends on the configuration
used. [66]

The two most common configurations used for voltage amplification are the inverting (a)
and non-inverting (b) configurations, seen in figure 9.
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Figure 9. The two basic amplifier configurations of voltage feedback OP-AMPs: (a) inverting
OP-AMP and (b) non-Inverting OP-AMP.

The inverting OP-AMP configuration produces an amplified output signal that is, in the-
ory, inverse in phase relative to the input signal. The amplification and output voltage of
an inverting OP-AMP are calculated as follows:

A = −RFB

RG

Vout = A · Vin
(3)

The corresponding values for a non-inverting OP-AMP configuration are calculated using

A = 1 + RFB

RG

Vout = A · Vin
(4)

For both equations (3) and (4) A is gain (or amplification) of the amplifier, Vout is the
output voltage, Vin is the input voltage and RFB & RG are the resistors, whose resistance
ratio determines the gain of the amplifier. Worth noting is that both of these configurations
also amplify any noise included in the input signal to be amplified. [66]

An amplifying current-to-voltage conversion, necessary for photodiode-based measure-
ment systems, can be implemented by the commonly used transimpedance amplifier
(TIA) configuration seen in figure 10.
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Figure 10. The circuit diagram of a TIA in its simplest form.

Operation of a TIA is based on low input impedance created by negative feedback [67].
When operating at a low frequency, the transimpedance gain is defined by the resistance
of the feedback resistor RFB as

RFB =
Vout
Iin

, (5)

where Vout is the desired output voltage of the TIA and Iin is the input current to be
converted into voltage and amplified.

When choosing an OP-AMP for noise-sensitive applications, meaning an application in
which any kind of a weak electrical signal in general is subject to amplification, the most
crucial parameters to consider include the three internal noise components of OP-AMPs,
meaning the differential voltage noise generated across the two input terminals and cur-
rent noise generated in each of the input terminals. In addition, 1/f noise present at low
frequencies is a parameter of interest - the lower the 1/f noise corner frequency, the better
the OP-AMP performance at low frequencies. External noise sources such as resistive and
reactive components should be considered too - the contribution of these to the amount
of total noise can be limited by reducing the total resistance of the external components
used, or by operating at a lower bandwidth [68]. In addition to the noise-related param-
eters, consideration of other OP-AMP characteristics such as input offset voltage, input
bias current, gain, bandwidth and slew rate should not be forgotten [69]. The introduced
properties are only those that most significantly affect the overall performance of the am-
plifier setup; however, for best results all of the characteristic parameters and potential
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noise sources should be considered when evaluating an OP-AMPs performance in noise-
sensitive applications. [66]

In some cases, it can be wise to divide the amplifier setup into two separate stages, re-
sulting in a so-called composite amplifier [70]. This kind of amplifier chaining is well
suited for applications where a photodiode is operated [71] and can provide practical de-
sign benefits, including at least the possibility of choosing an OP-AMP with good input
characteristics as the first stage (preferably a FET input type OP-AMP, unless operating at
a high temperature, in which case a bipolar type should be considered [72]), and one with
good output characteristics as the second stage. This could possibly even help to save on
costs, for conventional OP-AMPs are typically not of good quality in terms of both input
and output characteristics.

3.2 Analog-to-digital converters

Analog-to-digital converters (ADC) are electronic components used to convert a time-
continuous electrical signal into quantized, discrete format in order to create a defined
connection between a physical quantity of interest and its numerical representation. There
are many kinds of ADCs available, designed for a wide variety of uses. Nowadays,
both high-quality discrete ADCs and those integrated in MCUs, Field-Programmable
Gate Arrays, processors and system-on-a-chip devices alike, are available. Hence, it is
crucial to understand the basic operating principle of each of the most typical types of
ADCs. Main types of ADCs include successive approximation register ADCs, Sigma–
Delta (ΣΔ) ADCs, and pipeline ADCs. The same basic principles related to choosing
electronics of any kind and for any purpose apply to ADCs too. The first things to con-
sider should be the general requirements placed for the A/D conversion by the application,
as this helps to delimit the options available. These general requirements include the basic
characteristics of ADCs, such as the sampling frequency (samples per second), accuracy
(bitrate) and supply power. [73]

For the application of this thesis a moderately low sample rate is enough, as all of the
measurements included are related to functionalities with a frequency of way below 100
kHz. This excludes the fastest, pipeline-type ADCs, intended to be used in completely
different kind of applications, from the suitable options leaving integrated and discrete
successive approximation register ADCs and ΣΔ-ADCs. For the bitrate, 12 bits giving
a theoretical maximum of 212 = 4096 different representable values, is enough. The use
of ΣΔ-ADCs having a bitrate higher than 12 bits could be considered, but their price is
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disproportionate considering the requirements of the application. Lastly, as the prototype
is intended to be powered using USB 2.0, low supply power is a must-have feature. This
leaves the options of using either a discrete or integrated successive approximation register
ADC, which is well suited for multichannel data acquisition. As an MCU is included in
the system implemented as part of this thesis anyway, it should be sensible to consider
choosing an MCU with a successive approximation register ADC of sufficient quality; all
of the major microcontroller manufacturers do produce such. [73–75]

No matter how high the quality of a measurement system, its performance may be severely
degraded by A/D conversion errors. For the highly error-sensitive instrumentation ap-
plications specifications for integral nonlinearity error, offset and gain errors, thermal-
phenomena related effects, and AC performance should be carefully inspected. In ad-
dition, it is highly preferable to estimate the overall system error by performing a mea-
surement uncertainty analysis using either the root-sum-squared method or the worst-case
method. [76]

3.3 DC voltage regulators

In electronics it is very often necessary to reduce the main supply voltage for use in the
different electrical subsystems. Some subassemblies of the system might run on a differ-
ent operating voltage than others, or a certain very precise and time-invariant reference
voltage may be needed. Such voltage levels - lower than the main supply voltage of the
system - can be achieved using a voltage regulator. As there are many kinds of voltage
regulators available, the exact method of implementation should be chosen to best match
with the requirements of the target subassembly. Because of this, complex electrical sys-
tems typically utilize several different ways of voltage regulating.

Resistor voltage dividers are an easy and inexpensive way to create a reference voltage, or
to scale a voltage to-be-measured so that it fits within the input range of an ADC. When-
ever a more precise reference voltage, less sensitive to possible changes in the operating
conditions (like the ambient temperature) is needed, a discrete shunt or series voltage ref-
erence should be used. If an output current larger than that of a voltage reference can
provide is required, an active voltage regulator should be used. The main types of active
voltage regulators include linear regulators and switching regulators. Linear regulators
produce less noise and are simpler in terms of circuit configuration, but their efficiency
is inferior to that of switching regulators, meaning that they consume a larger amount
of power and thus generate a larger amount of heat - however this does not become a
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problem if the output current is low. Even though the efficiency of switching regulators is
higher than that of linear regulators, meaning that they consume less power and generate
a smaller amount of heat, the use of switching regulators should be avoided in noise-
sensitive instrumentation applications, as their operation is based on rapid on/off switch-
ing and more complex external circuitry - both being factors that inevitably increase the
total amount of noise in an electronic system. [77]

3.4 Infrared signal modulation

In theory, if it was possible to exactly define the incident radiation intensity I0 (see equa-
tion 1), an NDIR gas sensor could be realized using DC operating mode. However, in
practice it is necessary to modulate the carrier signal at some point of operation. This is
because without modulation, the information on the concentration of the target gas (con-
tained in the carrier signal) could not be reliably distinguished from the noise sources
affecting the system. Such sources of noise include, for example, ambient IR radiation
and different kinds of offset errors (such as photodetector dark current and OP-AMP input
offset) that directly affect the measurement. By modulating the IR and using algorithms
for processing the measurement data, it is possible to minimize the effect of offset errors
to the gas measurement.

AC operating mode can be achieved, for example, by using an optical chopper or by
electrically modulating the IR source used. Moving parts typically degrade long-term sta-
bility and their miniaturization is rather difficult. For this reason, the latter method, i.e.
electrical modulation of the power fed to the IR source, is used in this work. Electrical
modulation of the IR source component can be implemented in many ways, for example
by using a combination of active components and digital electronics. When modulating
the IR source, its response time must be taken into account. Because the IR source used (a
Vaisala µG) is of thermal type, it has a somewhat slow response time. This is an inevitable
feature of incandescent type sources (as described in more detail in section 2.3.2). The
emitter area does not heat up and cool down instantaneously, but instead logarithmically.
Thus, when using an incandescent IR source, it is necessary to use a modulation signal
with a period longer than the thermal response time of the component. Another possible
way to implement AC operating mode is to modulate the tunable optical filter, if such
is included in the system. As proposed by Ebermann et al., a faster measurement cycle
can be achieved "by fast switching or sinusoidal modulating the filter wavelength" [78].
This, of course, requires that a fast enough detector is used, so that modulation of the
signal can be observed. As discussed in section 2.5, photodetectors enable the described
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faster measurements to be performed, compared to thermal components. Modulation of
a voltage-tunable filter can be implemented, for example, by using a digitally controlled
switch to alter between any two (or more) operating voltages. Previously performed ex-
periments utilizing the tunable optical filter modulation method, proposed by Ebermann
et al. [78], have proven its functionality as well as its significantly fast response time.
For this reason, control electronics for modulating the FPI filter are also designed for the
prototype implemented as part of this thesis.

3.5 Thermoelectric cooling

Thermoelectric cooling (the operating principle of which is presented in figure 11) is
commonly used in many of the photonics-related applications to control the temperature
of various kinds of semiconductor components, such as lasers and photodiodes, to read-
ings well below the natural temperature of their operating environment. Thermoelectric
cooling is based on the Peltier effect, which describes the transfer of heat energy from a
junction to another in a thermocouple, where the junctions are made of materials having
unequal Seebeck coefficients. This can be considered as a mechanism opposite to the
Seebeck effect, where a temperature difference ΔT creates a voltage difference across
the junctions of a thermocouple. In figure 11 the negative and positive charges shifted
towards the hot surface represent the charge carrier gradient caused by the voltage across
the element, which in turn causes the temperature gradient. [79]
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Figure 11. A diagram depicting the Peltier effect being utilized in one of its applications; the
thermoelectric cooler. Direction of electric current is represented with black arrows within the
electrical conductors colored light-grey.
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Some manufacturers produce photonic detectors that are equipped with a thermoelectric
cooler (TEC), integrated inside the component package (figure 12 [80]). These integrated
TEC modules make it possible to control and keep the temperature of the detector chip,
placed atop of the cooler element[s], at a desired value. Multiple TEC elements can be
placed on top of each other to achieve a larger maximum temperature difference ΔTMAX

between the hot and cold sides of the TEC element. This causes the cooling to be more
efficient, as long as adequate heat removal is provided. Typical amount of cooler stages
ranges from one to four and typical values of ΔTMAX for the different amounts of stages
are approximately as follows: 60 to 72 K for 1-stage setups, 80 to 100 K for 2-stage
setups, 100 to 110 K for 3-stage setups, and 110 to 130 K for 4-stage setups. Actual
performance is, however, always subject to the ambient conditions. [81]

Figure 12. A picture showing an integrated four-stage TEC module, on top of which the IR
detector is placed. The figure is retrieved from [80] under the CC-BY-NC-ND-4.0 license.

For the photodetectors with an integrated TEC module it is typical that also a thermistor,
located next to the IR detector chip, is included. Thermistors with a negative tempera-
ture coefficient (NTC) are more commonly used as they are well-suited for temperature
measurement & control applications - thermistors with a positive temperature coefficient
exhibit a smaller resistance change over the same temperature range, as well as a char-
acteristic switching point after which the resistance rapidly grows, making them better
suited for applications like overcurrent protection and battery charging management [82].
Resistance of a thermistor changes proportionally to its temperature. If an additional, con-
ventional, resistor is introduced to form a voltage divider, the voltage across the voltage-
dividing resistor changes proportionally to the temperature, too. Essentially, thermistors
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offer a simple and inexpensive way to measure temperature; that information can then be
used as a part of a control loop used to maintain a consistent temperature.

3.6 Digital control

Modern measuring instruments are complex embedded systems; mixed-signal devices
that use a combination of both analog and digital electronics to enable data acquisition
and precise control of the measurement cycle. Typically, a mix of analog and digital elec-
tronics has to be used, as the measurement data acquired is analogous in origin, but it
is most often desired to be processed and displayed in digital form. These devices also
increasingly include Internet of Things capabilities, just like any other commercial elec-
tronics nowadays. Microcontrollers can be used to introduce digital control to a system
for the purpose of simplifying its operation. Indeed, many of the functionalities that are
quite straight-forward to produce by means of digital control design would be more com-
plicated to accomplish using analog electronics only, while some of the functionalities
would be completely unreasonable to implement without the use of digital electronics &
control. To sum up the potential benefits of digital control, it can significantly increase
system flexibility, reliability and programmability in addition to simplifying the system
integration and testing processes - all this while reducing design time and largely elimi-
nating the need of discrete tuning components [83].

The most important digital control concepts regarding the application of this thesis include
different types of digital control signals and digital control loops. A control signal can be
defined as an electrical pulse that represents a software-defined control command [84].
Commonly used control signal types which microcontrollers can typically output are, for
example, pulse-width modulated (PWM) square wave and high/low state DC voltages
produced by General-Purpose Input/Output pins. PWM can be used for many kinds of
purposes, such as controlling the magnitude of instrumentation-related operating volt-
ages, and General-Purpose Input/Output signals for switching various active components
such as LED indicators ON and OFF, or for changing the position of a multi-pole digi-
tal switch. In connection with this thesis, the need of control is most essentially related
to thermoelectric cooling, introduced in section (3.5). A digital Proportional–Integral–
Derivative (PID) controller is suitable for the purpose, as demonstrated by Mayursinh et
al. [85]. PID controller is a closed-loop control system. It compares the set point value
of the controlled parameter (such as temperature) to a measured process variable (such as
the linearized voltage of a thermistor corresponding its temperature). In addition to PID,
the use of a simpler and slower-reacting PI controller with an easier tuning procedure can
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be considered for systems without the need for a fast response - the derivative part of a
PID controller makes the system calculate the output using the information of how fast
the error term changes, which can cause problems in the form of derivative kicks if noise
is introduced to the process variable [86].
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4 ELECTRONICS DESIGN

There would be several possible ways to implement the prototype’s desired features (de-
scribed in section 1.2); various technologies and methods are feasible for creating a sys-
tem that would include at least most of the subsystems and their respective functionalities.
Two examples of such feasible technologies would be developing either an Application-
specific Integrated Circuit (ASIC), or a system-on-a-chip. However, as Vaisala utilizes a
high-mix low-volume strategy with an extensive product portfolio and moderate volumes
per product type, there is no need to develop highly specialized and complex integrated
devices such as ASIC chips. Due to the need for flexibility and since most components
used in the products are not purchased in large volumes, the economies of scale would
not be achieved, making the design and use of ASICs unnecessarily expensive. These
kinds of solutions are indeed better suited for mass production. In addition, the workflow
of ASIC chip design process is time-consuming and complicated, making developing an
ASIC an inappropriate approach especially in the case of a thesis. For these reasons, and
due to the fact that there are many competitive alternatives available among them, discrete
components were used in the electronics design of the prototype. The component choices
made were mainly based on the theory background presented in Chapter 3. The electronic
schematic was designed using PADS® Logic, part of a series of electronic computer-aided
design software released by Mentor, a Siemens Business.

Figure 13 depicts the block diagram introducing all of the main subsystems included
in the prototype. As described in section (1.2), the system consists of an MCU, an IR
source, a voltage-tunable FPI filter, an IR photodetector & a two-stage amplifier, TEC
driver for cooling the detector, as well as the control electronics needed to operate all
of these functionalities. In addition to the subsystems presented in the block diagram,
the prototype includes operating-voltage related elements and a RS232 serial bus. These
subsystems, excluding the serial bus, can be viewed in the circuit diagram figures included
in each section of this chapter. Operating voltages are discussed in more detail later on in
section (4.7).



39

Photodetector

Vaisala 

Voltage-

Tunable 

FPI filter

Vaisala μG 

IR Source & 

Fixed-BP 

Filter

μG Control 

Electronics

FPI Filter 

Control 

Electronics

NTC 

Thermistor 

(inside the 

photodetector 

package)

TEC Control 

Electronics 

(ADN8833)

Thorlabs 

TED200C

T-controller

(optional)

TEC (inside 

the photo-

detector 

package)

JTAG 

Debug Port

RS232

Serial Port

1st Stage 

Amplifier

2nd Stage

Amplifier

IR
 r

ad
ia

ti
o
n

MICROCONTROLLER UNIT

Enable & 

Control Signal

Meas. 

Signals
GPIO,

PWM Output,

Analog Inputs

Meas. 

Signal
Analog Input

Analog Input

Meas. 

Signal

Meas. 

Signals

Control 

Signals

Control 

Signal

Meas. 

Signals

PWM Outputs, 

Analog Inputs

PWM Output, 

Analog Inputs

2
V

5
 

R
ef

er
en

ce

Operating

Power

Operating

Power

Operating Voltage

Operating Power

Raw 

Signal

2V5 Reference
VREF+

TDI, TDO, 

TMS, TCK,

TEST, RST

UCA0TXD, 

UCA0RXD,

UCA1STE,

UCA1CLK

Photodetector

Vaisala 

Voltage-

Tunable 

FPI filter

Vaisala μG 

IR Source & 

Fixed-BP 

Filter

μG Control 

Electronics

FPI Filter 

Control 

Electronics

NTC 

Thermistor 

(inside the 

photodetector 

package)

TEC Control 

Electronics 

(ADN8833)

Thorlabs 

TED200C

T-controller

(optional)

TEC (inside 

the photo-

detector 

package)

JTAG 

Debug Port

RS232

Serial Port

1st Stage 

Amplifier

2nd Stage

Amplifier

IR
 r

ad
ia

ti
o
n

MICROCONTROLLER UNIT

Enable & 

Control Signal

Meas. 

Signals
GPIO,

PWM Output,

Analog Inputs

Meas. 

Signal
Analog Input

Analog Input

Meas. 

Signal

Meas. 

Signals

Control 

Signals

Control 

Signal

Meas. 

Signals

PWM Outputs, 

Analog Inputs

PWM Output, 

Analog Inputs

2
V

5
 

R
ef

er
en

ce

Operating

Power

Operating

Power

Operating Voltage

Operating Power

Raw 

Signal

2V5 Reference
VREF+

TDI, TDO, 

TMS, TCK,

TEST, RST

UCA0TXD, 

UCA0RXD,

UCA1STE,

UCA1CLK

Figure 13. Block diagram of the designed prototype. For the sake of clarity, the block diagram is
simplified so that operating voltages of the different subsystems are not shown.

As two detectors, different both by their electrical and mechanical characteristics as in-
troduced further on in section (4.3), were used to test the operation of the prototype, two
slightly different design variants were produced. Especially the difference in the mechan-
ical design of the detector packages placed unique requirements for both of the detector
types tested.

Notice is hereby given that part of the electrical circuits used and presented in this chapter
are designed by other Vaisala engineers. For such subsystems, the original designers of
the circuits are referred to either in the captions of the circuit diagram figures, or in the
text content describing the subsystem if no figure of the subsystem is presented.
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4.1 Passive components

This section presents the justification for the choice of types of general-purpose passive
components used, including resistors, capacitors and inductors. The photodetectors cho-
sen, classifiable as passive components depending on the definition used, are considered
later on in section (4.3). Resistors, capacitors and inductors were chosen taking into
account the different requirements per and within each subsystem including them. Char-
acteristics considered for all of the passive component categories include temperature de-
pendency, noise-related performance, precision and surface-mount device package type.
Whenever possible, an attempt was made to favor the use of components that are also
used in other electronics designs made by Vaisala. To limit the bill of materials, same
passive component values were used as often as possible in the different subsystems.

For passive components within signal paths - such as resistors and capacitors used for
amplifier feedback or filtering - components with high precision and low temperature de-
pendency were chosen. As for the component package sizes of the passives; most of
them are encased in an imperial 0603 (dimensions 1.55 × 0.85 × 0.45 mm [87]) pack-
age or larger, and the prototype contains component packages no smaller than the size
of imperial 0402 (dimensions 1.00 × 0.50 × 0.35 mm [87]). There would have been no
reason whatsoever to use components smaller than that for early stage prototyping. This
is because there were no significant requirements considering the size of the prototype,
and because the precision and overall performance of passive components typically de-
creases with package size. In addition, it was desired that the components could be easily
replaced by manual soldering, if needed. Hand soldering components having a package
size smaller than 0402 would require excessive expertise and practical experience, as well
as vision-enhancing equipment, such as microscopes, to be used to assist in the soldering
process.

4.2 Control of infrared source & tunable optical filter

Two separate circuits are used to operate the Vaisala µG IR source and the Vaisala voltage-
tunable FPI filter, both located inside the same hermetically sealed 4-lead TO-5 compo-
nent package. Both of the circuits presented in this section are designed by other Vaisala
engineers, but their operation had to be described as they play an important role in the
operation of the prototype. The power fed to the Vaisala µG IR source is controlled using
a switching metal–oxide–semiconductor field-effect transistor operated with an ampli-
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fied, low-pass filtered, PWM control signal. Voltage over the µG and the current flowing
through it are measured to get information of the amount of power consumed. The control
electronics used to operate the µG IR source are designed by Senior Electronics Engineer
Niskanen A. of Vaisala.

Circuit diagram of the FPI filter control circuit can be seen in figure 14. The Analog
Devices ADG839 (A7), a single-pole double-throw switch, is used to modulate the FPI
filter between any two voltages within the range of 0 to 30 V in order to alter the pass-band
of the filter between selected wavelength bands corresponding the two operating voltages
chosen. The position of the switch (A7) is controlled using one of the General Purpose
Input/Output pins of the MCU.

(a) Two Butterworth low-pass filters. (b) Control electronics for the FPI filter.

Figure 14. (a) shows the active low-pass filters used to produce the two operating voltages for
the FPI filter and (b) is the electronic schematic of the FPI filter control electronics. Both of these
circuits are designed by Research Scientist Huuhtanen M. of Vaisala.

In the subfigures (a) & (b) of figure 14, reference designators V1 & V2 represent the
two voltage levels used to drive the FPI filter’s pass-band to different wavelength bands.
Capacitors C30, C31, C43, C67 are used to filter electronic noise.

4.3 Infrared photodetectors

Two photovoltaic detector samples were alternately used to test the operation of the pro-
totype: a VIGO System PVIA-2TE-5 and a Hamamatsu Photonics P13243-222MS. They
are presented in this section, limiting the review to the basic features and electrical prop-
erties of them, as well as the mechanical properties of the component housing (specific to
both of the detectors tested).
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The detectors are mounted to the PCBs using pin receptacles manufactured by Mill-Max
(mfr. part no. 4015-0-43-80-30-27-10-0). The use of pin receptacles allows the com-
ponents to be easily attached and detached without soldering, which could potentially
damage the detectors as they are sensitive to high temperatures. These particular pin re-
ceptacles were chosen as they take up only a very small area of the circuit board and match
with the cross-sectional area of the component leads of both of the detector types tested.
The number of pin sockets added to the design matches the number of component leads
used. In other words, sockets are not added for unused leads of the component packages
for this would incur unnecessary costs. In addition to mounting the detectors, the same
pin receptacles are used to mount the TO-5 package housing the Vaisala IR source & FPI
filter, discussed in section (4.2), too.

4.3.1 Detector type 1: VIGO System PVIA-2TE-λopt

The VIGO System PVIA-2TE-λopt is a product family of photovoltaic IR detectors with
an integrated 2-stage TEC element, and an optional hyperhemispherical (or hemispheri-
cal) immersion lens which is used to boost the optical gain of the detector to improve its
SNR. Also included inside the package is a set of water absorbers, that prevent conden-
sation of water vapor in the case of rapid temperature changes. Most of the properties
are customizable upon customer request; for example it is possible to choose an optical
window with a wedged profile, meaning that the upper surface of the window is non-
perpendicular to the angle of incidence of the incoming radiation. This feature helps to
prevent direct backscatter which can cause changes in performance, or even optics dam-
age in applications utilizing a high-power source like a laser. The λopt in the detector
product code denotes the optimal wavelength (i.e. the wavelength with highest minimum
guaranteed D*) in µm - versions ranging from an optimized wavelength of 3 µm to 10.6
µm are available as standard. Other characteristics presented in the datasheet include

D* for λpeak and λopt, current responsivity length product Ri·L at λopt [
A ·mm

W
], time

constant τ [ns], and resistance optical area product R·A [Ω · cm2]. [88]

PVA-2TE-5AR (figure 15) was selected as the 1st detector alternative for testing the pro-
totype designed. The variant chosen features an optical area of 0.10 × 0.10 mm and a
field of view of 70° with no immersion. The component package chosen is a hermetically
sealed 12-pin straight-edged TO-8 with a threaded fastening bolt located at the middle of
the bottom surface. The bolt can be used to attach a heat sink when the integrated TEC
element is used, more of which later on in section (4.5.4). The TO-8 package is sealed
using a wedged window made of anti-reflection coated aluminum oxide (Al2O3). [88]
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Figure 15. A photograph of the detector type 1: VIGO System PVIA-2TE-5.

The integrated 2-stage TEC element is capable of cooling the detector down to a temper-
ature of approximately 230 K in favorable operating conditions, noting that the declared
ΔTmax of the device is 92 K. Maximum values for the operating voltage and current are
1.3 V and 1.2 A, respectively. This gives the theoretical maximum cooling capacity Qmax

of 360 mW. A Murata NCP03XM222E05RL NTC thermistor is placed on top of the TEC
element, next to the detector chip, to allow temperature monitoring and implementation
of a temperature control system. To improve the performance of the integrated TEC, as
well as to protect the detector chip from harmful contaminants as described in section
(2.5), the component package is filled with a mixture of dry noble gases with low thermal
conductivity. [88]

4.3.2 Detector type 2: Hamamatsu Photonics P13243

The Hamamatsu Photonics P13243 is a series of photovoltaic detectors designed for gas
detection, radiation thermometer and flame detection applications. The series features
detectors with high sensitivity and a fast response. Variants both with and without a TEC
element (having a maximum amount of four stages) are available. As standard, two dif-
ferent optical window materials - silicon with anti-reflecting coating, and pure sapphire -
are available. Hamamatsu Photonics offers the possibility of customizing the component
package as well as the optical filters and lenses used. The spectral response is optimized
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over the range of between about 2 to 5 µm slightly depending between the variants avail-
able, however peak detectivity should occur at 4.1 µm regardless of the version. The main
optical and electrical characteristics declared in the datasheet include D* for the peak sen-
sitivity wavelength λp, photosensitivity S at λp [mA/W, V/W], minimum and typical shunt
resistance Rsh [kΩ], typical and maximum noise equivalent power NEP at λp [W/

√
Hz]

and typical rise time tr [ns]. [89]

P13243-222MS (figure 16) was selected as the 2nd detector alternative for testing the
prototype designed. It has a photosensitive area of 0.70 × 0.70 mm and a field of view of
113°. The package solution chosen is a conventional 6-pin TO-8 with a brim wider than
the main mechanical body, located at the junction of the package cap and bottom. The
optical window enclosing the TO-8 package is made of sapphire. [89]

Figure 16. A photograph of the detector type 2: Hamamatsu Photonics P13243-222MS.

The ratings given for the integrated 2-stage TEC element are as follows. In ideal con-
ditions the temperature difference between the cool and hot surfaces can reach 70 K. In
a typical room temperature of 298 K, the lowest reachable element temperature is 243
K, with a ΔTmax of 55 K. The TEC element should be operated at most with 1 V max-
imum voltage and 1 A maximum current, and a heat sink with a thermal resistance of 3
°C/W is recommended. A built-in NTC thermistor (with specifications given in [89]) is
included and located atop the TEC element and close to the detector chip, to allow for
implementation of a temperature control system. [72]
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4.4 Photodetector signal amplification

As photovoltaic-mode photodetectors produce only a very weak current signal and it was
desired that the measurement signal would be eventually converted into digital format
using an ADC, an amplifying current-to-voltage conversion was required. A chained
two-stage OP-AMP configuration consisting of a TIA followed by an inverting OP-AMP
circuit is used for the purpose.

4.4.1 Stage 1: transimpedance amplifier

The current signal produced by the IR photodetector (4.3) is first amplified and converted
into a voltage signal. Analog Devices LTC2057 was chosen as the OP-AMP of the 1st

stage (figure 17). It is a low-noise, zero-drift precision OP-AMP designed for measure-
ment and instrumentation systems, with proposed applications ranging from low-side cur-
rent sensing to high resolution data acquisition. The component meets most of the essen-
tial requirements, such as input-performance related criteria, set out in the theoretical
background section (3.1) discussing OP-AMPs. [90]

Figure 17. A screenshot of the electronic schematic, showing the 1st stage of the amplifier setup.
Signal paths marked with dashed lines indicate that the circuit continues outside the figure.



46

The positive input terminal of the OP-AMP is provided with a reference voltage of 1.25 V,
created using a high-precision resistor voltage divider, in order to operate within the dy-
namic range of the ADC. Other component values for the TIA configuration were selected
based on the Texas Instruments application note SLAA926A [91]. First, the resistance of
the gain resistor (R2 in figure 17) was set by equation

R2 =
VoMax − VoMin

IiMax

, (6)

where VoMax is the desired maximum output voltage, VoMin is the desired minimum output
voltage, and IiMax is the maximum input current.

The maximum output and input voltages were selected taking into account the input range
of (and the reference voltage set for) the ADC used. The maximum and minimum output
voltages VoMax and VoMin were initially set to 1.75 V and 0.75 V, respectively. For the
maximum input current IiMax, a much-underestimated initial guess of 1.5 µA was cho-
sen. Consequently, the resistance of the gain resistor was initially set to 680 kΩ. The
selected feedback resistor is 0603 (imperial) in size and could thus be easily changed by
hand in case the magnitude of the gain needs to be altered. It should be noted that as the
shunt/series resistance of the detector types 1 and 2 is different, a different 1st stage feed-
back resistance value should be used for the detectors for optimal performance. This is
because if the feedback resistance exceeds the detector’s shunt resistance, the input noise

& offset voltages of the OP-AMP will be multiplied by 1 +
Rf

Rsh

, causing degraded per-

formance [72]. However, to simplify fabrication, each circuit board is initially furnished
with the same resistors. From the point of view of SNR the value of the feedback resis-
tance is insignificant, as both the signal and all the noise terms are equally amplified. The
feedback capacitor (C8 in figure 17) should be chosen so that it meets with the circuit
bandwidth, using equation

C8 ≤
1

2 · π ·R2 · fp
≤ 1600 pF , (7)

where R2 is the resistance calculated using equation (6) and fp is the closed-loop band-
width. A capacitor with the nominal value of 220 pF was chosen as the feedback capacitor
C8 in order to form a passive low-pass RC filter together with resistor R2, having a cutoff
frequency of approximately 1 kHz. As the application is not high-frequency in terms of
the signals present in the system and the electronics used (the prototype operates below
the frequency of 100 kHz), the adequacy of the OP-AMP gain bandwidth should not cause
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any concern. Lastly, since the TIA configuration is based on creating a low-impedance
input, a similar kind of low-impedance operating point is also required at the node com-
bining the anode of the photodetector, R31, and R32 to the non-inverting input terminal
of the first stage OP-AMP A3. This was accomplished by placing C4, a 3.3 µF capacitor,
in between that node and the analog ground. Capacitor C9 is used to filter high-frequency
noise off the supply voltage of A3.

4.4.2 Stage 2: inverting amplifier

After the current-voltage conversion, the measurement signal of the photodetector has to
be further amplified (or scaled) in order to make it efficiently readable by the ADC of the
MCU (4.6). The 2nd stage (figure 18) is implemented using a conventional inverting OP-
AMP configuration, and it utilizes a Texas Instruments OPA180 which is a near zero-drift,
high-precision OP-AMP with a close to rail-to-rail output swing.

Figure 18. A screenshot of the electronic schematic, showing the 2nd stage of the amplifier setup.
Signal paths marked with dashed lines indicate that the circuit continues outside the figure.

Before the measurement signal enters the 2nd stage of the amplifier, the DC component
of the signal is decoupled using C11, a 2.2 uF capacitor. This capacitor together with
R38 also forms a passive high-pass RC filter with a cutoff frequency of approximately
70 Hz. Again, the positive input terminal of the OP-AMP is provided with a reference
voltage of 1.25 V, similarly to the 1st stage. The gain of the 2nd stage was initially set
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to 10 by resistors R42 and R38, using equation (3). As with the 1st stage, a passive low-
pass filter having a cutoff frequency of about 1 kHz was realized by connecting a 15 nF
feedback capacitor C28, parallel to the feedback resistor R42. Capacitor C13 is used to
filter high-frequency noise off the supply voltage of A4, and connector X2 is a horizontal
PCB-mounted SubMiniature version A type coaxial connector that makes it possible to
easily observe the waveform of the amplified photodetector signal using an oscilloscope.
Lastly, reference designator DET_MEAS carries the measurement signal to an analog
input of the MCU.

4.4.3 Design verification by simulation

The simplified operation of the amplifier setup was simulated using LTspice®, an open-
source electronic circuit Simulation Program with Integrated Circuit Emphasis originally
released by Linear Technology Corporation, part of Analog Devices from March 2017
onwards. In the simulation performed, both of the amplification stages were combined
to form the full 2-stage amplifier setup. The simulation was done using models provided
by the manufacturers of the OP-AMPs used. Equivalent circuits of the photodetectors
used were not created as some of the required parameters were unavailable. Instead, the
current produced by the photodetector was simulated ignoring any non-idealities, using
a sinusoidal current source with a peak-to-peak current value of 50 nA as the test signal.
Output of the simulation performed can be seen in figure 19.

Figure 19. The simulated photodetector signal before (blue) and after the 1st (green) and the 2nd

(purple) amplification stages.

The simulation performed was highly idealized and simplified, and was done to examine
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merely the fundamental operation of the designed amplifier circuit. It should be noted that
the simulation did not consider many of the aspects crucially related to amplifier design.

4.5 Detector temperature control

As a novel feature, detector temperature control electronics were designed. The temper-
ature control system (figure 20) used to control the temperature of the detector’s inte-
grated TEC element was implemented using ADN8833, a monolithic ultracompact high-
efficiency TEC controller manufactured by Analog Devices, Inc. [92]. ADN8833 is the
software-controlled variant of the ADN883X family, subcategory of the Analog Devices
TEC Controller product category. The controller is operated with a digital control loop.
It should be sensible to choose the software-oriented variant of the device as an MCU
(presented in section 4.6) capable of controlling it is included in the prototype. In ad-
dition, choosing a relatively recently released single-chip solution developed by a large-
scale manufacturer should also support possible future productization of the device, as the
long-term availability is likely better secured compared to the small-scale manufacturers
offering similar kinds of solutions.

Figure 20. A screenshot showing the electronic schematic of the TEC temperature control circuit.
In addition to the ADN8833 TEC driver and the passive components needed to operate it, the
circuit includes active filtering of the control signal and a screw terminal input for an external
power supply.

The functionalities of the ADN8833 include a patented single-inductor architecture, TEC
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voltage and current monitoring, possibility of setting the maximum voltage and current
used for cooling, as well as a 2.50 ± 0.025 V reference output. Chapters Theory of

Operation and Applications Information of the ADN8833 datasheet were used as a basis
for the electronics design associated with the component. [92]

Selection of the passive components related to the driver’s input and output, as well as
general electromagnetic interference filtering (including inductor L5 and capacitors C40,
C41, C42, C51 and C52), was done according to the application information provided in
the ADN8833 datasheet [92]. Test points TP27-1 and TP31-1 are plated through-holes
that allow conducting the TEC driver’s output off the circuit board with wires soldered to
the test points - this feature was used during development of the associated digital control
loop, and for experimentally testing the operation of the controller.

4.5.1 General setup

The desired limit of the maximum TEC voltage was set by a resistor voltage divider using
the following equations:

VTEC_MAX_COOLING = VVLIM_COOLING · AVLIM , (8)

where VTEC_MAX_COOLING is the desired voltage limit of 1.0 V and AVLIM = 2 V/V. From
equation (8) it was then solved that VVLIM_COOLING = 0.5 V. [92]

VVLIM_COOLING =
VREF ·RR68

(RR69 +RR68)
, (9)

where VVLIM_COOLING is 0.5 V as calculated using equation (8), VREF is the ADN8833’s
internal reference voltage of 2.5 V, and RR69 is a preselected resistance value of 36.5
kΩ. With these parameters, the required resistance RR68 was solved; its value should be
approximately 9.1 kΩ. [92]

The maximum TEC current limit was set starting from the following equation:

ITEC_MAX_COOLING =
VILIMC − 1.25 V

RCS

, (10)
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where ITEC_MAX_COOLING is the preferred TEC current limit of 0.8 A given in the appli-
cation notes for the sample detectors 1 & 2 [72, 93], and RCS is the TEC driver’s internal
current sink resistance of 0.285 V/A. The value of VILIMC could then be solved; it is equal
to 1.67 V. [92]

Then, by combining equations


VILIMC = VILIMH + ISINK_ILIM ·

(
RR21 ·RR9

RR21 +RR9

)
VILIMH = VREF ·

RR9

RR21 +RR9

(11)

a simplified form was obtained:

VILIMC =
VREF ·RR9

RR21 +RR9

+ ISINK_ILIM ·
(
RR21 ·RR9

RR21 +RR9

)
, (12)

where VREF is the ADN8833’s internal reference voltage of 2.5 V, RR21 is a generic re-
sistance value 100 kΩ selected for R21, and ISINK_ILIM is the 40 µA current drawn by
the internal current sink of the ADN8833. Finally, the suitable resistance value RR9 for
the second resistor R9 (part of the voltage divider defining the maximum TEC current in
cooling mode) could be solved; it should be approximately 34.4 kΩ. [92]

For easy monitoring of the actual voltage over the TEC and the current flowing through
it, the ADN8833 includes analog outputs VTEC and ITEC with voltages proportional to
their corresponding quantities. Equations used to convert the voltages of VTEC and ITEC
into the actual voltage across the TEC and the actual current flowing through it are


(VLDR − VSFB) =

VVTEC − 1.25

0.25

ILDR =
VITEC − 1.25

RCS

(13)

where the subtraction of the linear driver output voltage and the PWM TEC driver output
(VLDR−VSFB) equals to the voltage over the TEC, ILDR is the current output of the linear
driver (i.e. the current flowing through the TEC), and RCS is the current sense gain of
0.525 V/A. A voltage of 1.25 V on the VTEC and ITEC pins corresponds to a situation
where the voltage across the TEC is 0 V and the current flowing through it is 0 A. [92]
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4.5.2 Thermistor linearization

Temperature of the thermistors located on top of the TEC elements of detectors 1 & 2 is
used as the process variable of the control loop. The nonlinear voltage response of the
NTC thermistors was linearized by hardware, as a linearized voltage response enables
better accuracy for the temperature measurement. Two alternative hardware-based meth-
ods for thermistor linearization, both of voltage-mode type, were compared by simulating
them using LTspice®. The one performing theoretically better was chosen and imple-
mented. The comparison was done separately for both of the sample detector types, as
they contain different kinds of NTC thermistors having differing thermal responses. Fi-
nally, a polynomial fit was created for both of the linearization models designed, using
MATLAB®. The polynomial fit makes it possible to estimate the detector’s temperature
based on the linearized voltage of the thermistor read by an analog input of the MCU.

Linearization method 1. (proposed in the ADN8833 datasheet [92]) utilizes two addi-
tional linearization resistors Rx and R, connected in series with the thermistor, as seen in
figure 21. Their values can be set using equations

Rx =
RLOW ·RMID +RMID ·RHIGH − 2 ·RLOW ·RHIGH

RLOW +RHIGH − 2 ·RMID

R = Rx +RTH_AT_25°C

(14)

where RLOW is the thermistor’s resistance at the lowest operating temperature, RMID at the
median temperature, RHIGH at the highest temperature, and RTH_AT_25°C is the thermistor’s
resistance at room temperature, namely 25 °C.

Figure 21. The electronic schematic of the simulated method 1. linearization circuit.
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Two different combinations of resistances Rx and R, calculated using equation (14) and
rounded to the nearest genuine resistor values, were simulated. The resistor combinations
simulated are listed in Table 2.

Table 2. Resistance value combinations used to simulate linearization method 1.

Combination Rx (Hamamatsu / VIGO) R (Hamamatsu / VIGO)

1 19.3 kΩ / 6.57 kΩ 43.7 kΩ / 14.5 kΩ (Rth at 25 °C)

2 19.3 kΩ / 6.57 kΩ 28.4 kΩ / 8.75 kΩ (Rth at 0 °C)

Linearization method 2. (proposed in the Texas Instruments Application Report SNOAA12
[94]) utilizes two additional linearization resistors as well, but in a different configuration
seen in figure 22. The first resistor Rs is connected in series with the parallel connection
of the second resistor Rp and the thermistor.

Figure 22. The electronic schematic of the simulated method 2. linearization circuit.

Two different combinations of resistances Rs and Rp were simulated; the resistor combi-
nations simulated are listed in Table 3.

Table 3. Resistance value combinations used to simulate linearization method 1.

Combination Rs (Hamamatsu / VIGO) Rp (Hamamatsu / VIGO)

1 12.1 kΩ / 4.00 kΩ 24.3 kΩ / 8.00 kΩ (Rth at -5 °C)

2 10.7 kΩ / 3.28 kΩ 19.3 kΩ / 6.55 kΩ (Rth, full T-range)
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Next, the results of the linearization method comparison are presented. Figure 23 shows
the simulated linearized voltage response over the temperature operating range of the
Hamamatsu thermistor.

Figure 23. The simulated linearized voltage responses of methods 1 & 2 for the Hamamatsu
thermistor over the temperature range of -40 to +40 °C.

Figure 24 shows the simulated linearized voltage response over the temperature operating
range of the VIGO (Murata) thermistor.

Figure 24. The simulated linearized voltage responses of linearization methods 1 & 2 for the
VIGO (Murata) thermistor over the temperature range of -35 to +25 °C.
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As seen in figures 23 and 24, linearization method 1. with resistance combination 1 gives
the steepest slope for the output voltages between the temperature end points; 0.95 V
to 2.05 V for the Hamamatsu thermistor, and 0.95 V to 1.9 V for the VIGO (Murata)
thermistor. This means that largest portion of the ADC’s input range is utilized. In ad-
dition, highest linearity over the low end of the temperature range is achieved. Results
of the comparison performed thus show that linearization method 1. should work best
for the thermistors of both detectors - hence, method 1. with the better-performing resis-
tance combination was chosen and implemented. The temperature of the thermistor can
then be easily calculated by measuring Vout of figure 21 and using an nth degree polyno-
mial curve fitting by saving the fitted polynomial coefficients in the MCU’s ferroelectric
semiconductor random-access memory. Another way of implementing the temperature
estimation would have been utilizing the Steinhart–Hart equation. The equation contains
a natural logarithmic operation and using it would thus have required excessive computing
power or storing a large lookup table of over 60,000 entries (instead of the few polyno-
mial coefficients) in the memory of the MCU, making the implementation unnecessarily
complex.

4.5.3 Control signal filter

The digital temperature control loop is closed by feeding a DC control signal to the CONT
pin of the ADN8833. As the MCU used (4.6) does not include an integrated Digital-to-
Analog Converter, a low-pass filtered PWM signal, produced by the MCU, is used as
the control signal defining the output of the TEC driver. Optionally, a discrete Digital-
to-Analog Converter could have been used, but this would have unnecessarily increased
the complexity as well as the total cost of the system. The unity-gain Sallen–Key low-
pass filter designed for the purpose of control signal filtering can be seen in figure 25.
After filtering the PWM, the remaining DC-component with minimized ripple, acting as
the control signal, is applied to the CONT pin of the ADN8833 (figure 20). The control
signal voltage at the CONT pin has to be chosen from between 0 V and 2.5 V (due to the
ADN8833 internal 2.5 V reference) according to the desired voltage over the controlled
TEC element. Voltage of the filtered control signal can be varied by changing the duty
cycle of the initial PWM control signal. When designing a DAC filter, a compromise has
to be made between the maximum rate of change of the filtered DC voltage and the peak-
to-peak magnitude of the residual ripple of the DC voltage. A higher cutoff frequency
allows for faster rate of change, whereas a lower cutoff frequency reduces the ripple.
As the process variable (temperature) has a rather slow rate of change, low ripple was
preferred over speed.
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Figure 25. An enlargement of figure 20 showing the circuit diagram of the unity-gain Sallen–Key
low-pass filter used to convert the MCU’s PWM output to a digital-to-analog converted output.

For the -3 dB corner frequency fc of 1 kHz, the required resistance values (R40 & R41)
were calculated using equation

fc =
1

2 · π ·
√

R40 · R41 · C12 · C18
, (15)

where both C12 and C18 were set to 100 nF, resulting to a required resistance of approxi-
mately 16 kΩ for both of the resistors R40 and R41 [95]. Capacitor C10 seen in figure 25
is used to filter high-frequency noise off the supply voltage of A10.

4.5.4 Heat dissipation

As thermoelectric coolers inevitably produce heat while being used for cooling, as de-
scribed in (3.5), there is a need to dissipate the generated heat away from the component
package and the PCB. For the TEC elements of the detectors used in the prototype, an
estimated maximum heat dissipation of 0.5 W/cm2 is required. Proper heat dissipation
is crucial for reaching the desired temperature set point at the cold side of the TEC ele-
ment [72, 93]. The detectors used are quite similar in terms of requirements for thermal
design because both are enclosed in a TO-8 metal can package similar in size, and the
TEC elements are placed so that their hot side is in contact with the bottom surface of the
component package (see IR Detectors Users Guide [93] for detector type 1, and Char-

acteristics and use of infrared detectors [72] for detector type 2). Thus, both of them
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dissipate heat mainly through the bottom surface area of the component package. To en-
sure desired operation of the thermoelectric cooler, it is essential to create a path of least
thermal resistance between the detector package’s bottom surface area and the heat sink
solution used (figure 26).

Figure 26. A photograph of the metallic tensioner plate attached to detector type 1. The plate is
used both as a mechanical fastener and a thermal contact between the detector’s bottom surface
and the aluminum body of the optical cuvette.

Using only the component lead wires and/or the fastening bolt in the case of Detector
type 1 (4.3.1), or only the component lead wires in the case of Detector type 2 (4.3.2)
would not provide sufficient heat removal to allow nominal operation of the TEC [72,93].
The detector components are fastened to the base section of the optical cuvette using a
milled screw-on aluminum tensioner plate. When tightened well leaving only a very small
air gap, this piece of metal should offer an adequate passage for the heat to be conducted
away from the detector package and further away into the main body of the optical cuvette
(also made of anodized aluminum). Thermally conductive silicon paste could be spread
between the detector’s bottom and the tensioner plate to further reduce thermal resistance.
Eventually the heat will dissipate out of the optical cuvette by means of natural convec-
tion, for the most part. The body of the optical cuvette has a slatted/perforated outer
surface resembling that of a flared fin heat sink, which further improves heat dissipation
by increasing the total surface area that can dissipate heat by natural convection.
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4.6 Microcontroller unit

Texas Instruments MSP430FR5994 MCU of the TI MSP430 product family was chosen
to be used for processing the measurement signals and controlling the different function-
alities of the circuit. There are many other microcontrollers suitable for the purpose avail-
able. Out of these, the Texas Instruments MCU was chosen not only because it is specif-
ically designed for sensing and measurement applications, but also because it is used in
some other designs of Vaisala as well. This made it possible to use a customized version
of an existing embedded software, which significantly saved time used for the software
development. The MSP430FR5994 is generally well-suited for the application of this
thesis; it has a 12-bit ADC with up to 20 multiplexed analog inputs, General-Purpose
Input/Output ports, and the capability to simultaneously drive and control multiple PWM
signal outputs. The MCU setup can be seen in figure 27.

Figure 27. A screenshot of the electronic schematic, showing the MCU and below it a Joint Test
Action Group industry standard debug port. The circuit is an adaption of a design originally made
by Senior Electronics Engineer Niskanen A. of Vaisala.
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The MCU is packed in a compact 48-pin Very Thin Quad Flat Non-Leaded package with
a thermal pad at the package’s bottom surface. In addition to the MCU itself, the setup
includes a Joint Test Action Group industry standard debug port (connector X4) and a
red LED indicator (V9), as well as an external 16 MHz crystal oscillator. Capacitors
C16, C17, C47, C72, C73, C82, C83, and C90 (seen in figure 27) are used to filter elec-
tronic noise, if such would ever enter the system caused by, for example, any kind of
an unexpected transient event. The pins left unused are connected to test points making
their deployment possible in the event of an undesirable design error or other unexpected
need. The pin configuration of the MCU, supplemented by additional notes regarding the
operation of the MCU, can be reviewed in Appendix 1.

The built-in multi-channel 12-bit successive approximation register ADC of the MCU is
used for the A/D conversion of the amplified measurement signal from the detector and all
the other measurements necessary for operating and controlling the prototype. The ADC
is fully configurable by embedded software. Using the MCU’s peripheral ADC module
reduces overall system cost as well as the surface area required for the PCB layout [96].
The input range of the ADC is set by the embedded software to between 0 V and 2.5
V using the MCU’s internal reference. Sampling frequency and sample count of the
ADC can be set by sending a command to the MCU, which allows the user to choose the
measuring interval.

4.7 Supply & operating voltages

Two alternative inputs exist for providing the main supply voltage of 15 V required to
operate the prototype. The inputs are implemented using a generic screw terminal con-
nector that allows using a laboratory power supply unit, and a 4-pin M4 female connector
to which a Vaisala USB cable (part no. 219690) can be attached to in order to power
the prototype using USB connection. The electronics related to the serial bus commu-
nication are designed by Senior Electronics Engineer Niskanen A. of Vaisala. Powering
most of the prototype using USB connection should be a convenient choice as a serial
port connection is included and used in any case, as the MCU is commanded and mea-
surement data is logged via the serial bus using a personal computer. For the majority of
the prototype’s subsystems the 500 mA current delivery capability of USB 2.0 is above
sufficient. However, the current demand of the ADN8833 TEC controller is above the
500 mA current output capacity of USB 2.0 because of the set maximum TEC current
limit of the detector TEC elements, described in section (4.5). Hence, the temperature
control electronics had to be powered using an additional input option. An external labo-
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ratory power supply unit was chosen to be used for the purpose. Having separate power
supplies for the low-power signal conditioning electronics and the relatively high-power
TEC driver should also help in reducing potential issues related to electronic noise caused
by electromagnetic interference.

The 15 V main supply voltage applied to the prototype has to be regulated to several
smaller voltage levels in order to make it suitable to be used as the operating voltage of
the different functional electrical subsystems included. This applies to all subassemblies
of the prototype, excluding the supply voltage of the TEC driver, which can be set by
the user in the laboratory power supply unit that is connected to the supply voltage screw-
terminal input of the TEC driver circuit. Where necessary, regulating the supply voltage is
done using Texas Instruments LP2951ACMM-3.3/NOPB low-dropout voltage regulator
units with a programmable output [97]. An exemplary circuit diagram of one of the
voltage regulator setups used can be seen in figure 28.

Figure 28. The voltage regulator circuit used to regulate the voltage from 12 V to 3.5 V. This same
voltage regulator, manufactured by Texas Instruments, is used to accomplish all of the required
operating voltages by modifying the voltage divider formed by resistors R49 and R24.

The required regulated voltage levels in order of magnitude are 3.3 V, 3.5 V, 8.0 V and
11.5 V. As 3.3 V is the nominal output voltage of the regulator used, output modification
is not needed in the case of this regulated voltage level. Resistor values for the output
voltage dividers used to obtain the other required voltage levels were calculated using



61

VOUT = VREF · (1 +
RR49

RR24

) + IFB ·RR49 , (16)

where VREF is the regulator’s internal nominal reference voltage of 1.235 V and IFB is
the regulator’s -20 nA nominal bias current for pin no. 7 (FB) [97]. For each of the reg-
ulators, the resistance value for the resistors corresponding resistor R24 was calculated
by first choosing a general resistance value for the resistors corresponding R49. Func-
tions executable using pins no. 2 (SENSE), 5 (ERR) and 6 (V TAP ) are not used and
are thus left floating as recommended in the component’s datasheet [97]. In addition to
the regulated voltage levels, one voltage level higher than the 15 V main supply voltage
level is required; the control electronics of the FPI filter (4.2) need a supply voltage of
34 V, which is implemented by using a customized multi-stage Dickson charge pump
constructed using discrete components. The charge pump circuit is designed by Senior
Electronics Engineer Niskanen A. of Vaisala.
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5 PRINTED CIRCUIT BOARD DESIGN

Factory-made & automatedly assembled PCBs were used as the electronics development
platform of the designed prototype. Using a solderless prototyping breadboard or even
a solderable copper clad perfboard of any kind is out of question for noise-sensitive and
complex (both mechanically and by the electronics used) systems like the one proposed
in this thesis. All of the subsystems except the detector temperature control system had
been already verified by earlier experiments, which further supported the use of PCBs as
the development platform. The PCB layout was designed using PADS® Layout.

5.1 General requirements & design rules

As the designed device is a prototype intended solely for research and development use,
not many strict requirements such as low manufacturing cost or a specific form factor
(meaning the physical shape and size of the PCB) were posed for the PCB design. From
a practical point of view regarding the limited time available for carrying out the thesis
work, a fast delivery time was desirable but not considered as a necessary requirement.
Design rules regarding object clearance and routing were set so that they meet with the
production capability and design rule guidance of the PCB supplier and assembler chosen
to manufacture the PCBs. The clearance rules set are shown in figure 29.

Figure 29. Default clearance and trace width rules set for the PCB design.
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The optical cuvette used created the only few mechanical requirements for the PCBs.
These included both the location and orientation of the IR source and detector compo-
nents, as well as the location of the mounting holes used to attach the circuit board to the
optical cuvette using screws. The source and detector components had to be mounted on
the bottom side of the PCB, which would be the side facing towards the optical cuvette.
The board outline is rectangular by shape and has rounded corners for comfortable han-
dling. The top side projection of the PCB is 80 x 120 mm by size. It will be possible to
greatly reduce the size of the PCB in possible future versions - this is because once the
prototype has been found to function as desired, more components can be placed on the
bottom side of the PCB.

5.2 Layer setup & interconnections

A total of four signal layers were deployed, since increasing the number of layers dras-
tically simplifies the manual routing process and helps in minimizing current loop area.
Having multiple layers with ground and power planes also provides better protection for
electromagnetic interference due to the image plane effect [98]. Open plated-through hole
vias with a drill diameter of 0.4 mm and a plate width of 0.2 mm were used for the in-
terconnections between the layers of the PCB. The vias were intentionally left non-tented
to promote testability, and to enable minor modifications to be made if such would be
needed. Thermal vias were placed under the MCU (4.6) and TEC controller (4.5) for
additional heat removal. Thicknesses of the different layers are listed in table 4.

Table 4. Build-up of the PCBs.

Name Type Thickness (µm)

Solder mask Coating N/D

Top Component 35

Prepreg Substrate 110

Layer 2 Plane 35

Prepreg Substrate 1200

Layer 3 Plane 35

Prepreg Substrate 110

Bottom Component 35

Solder mask Coating N/D
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All of the signal layers have a fully covering copper pour on them - the copper planes
formed are used either as ground planes that are assigned to the analog ground (layers 1,
2 and 4) or power planes assigned to the 12 V net (layer 3). The 12 V net was chosen as
the power plane voltage level as it is regulated to many smaller voltage levels at various
locations around the PCB. A copper cutout restricting thermal conduction was placed
near the µG IR source to all of the copper layers in order to reduce the possibility of heat
conducting from the IR source to the photodetector. The copper cutout can be seen as the
pale strip next to and below the 4-pin IR source component, in figure 30.

Figure 30. A screenshot of a section of the PCB layout, showing the thermal copper cutout
surrounding the Vaisala µG IR emitter.

5.3 Component layout & routing

As described in the beginning of Chapter 4, two PCB variants were designed as two
detectors enclosed in different kinds of packages were used to test the prototype. The
layout of these two PCB variants is mostly identical, except for mounting the detectors.
The component layout was designed starting from the largest components (connectors)
followed by the accurate placement of the source and detector components. Then, the
MCU was placed so that all the subsystems connecting to it could be placed as optimally
as possible. After that, the most critical subsystems of the prototype were placed where
possible considering the optimality of the signal path lengths, as well as the general good
practices instructed in the datasheets and application notes of each of the components.

The layout is arranged so that the components likely to produce most electromagnetic
interference are located as far away as possible from the most noise-sensitive parts. In
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practice, this means that the TEC controller (4.5), the supply voltage inputs (4.7) and
the serial bus interface are placed so that the copper traces related to them do not inter-
sect with the photodetector measurement signal routes at any point. The signal produced
by the photodetector was protected from noise sources by appropriate component place-
ment and by keeping the copper trace through which it passes across as short as possible.
Whenever possible, the same practice was applied to the copper traces associated with
other measurement signals too. However, the signal produced by the photodetector was
considered as top priority and the path it travels through was thus secured even though it
caused the paths taken by some other measurement signal routes to not be at their most
optimal. Majority of the components were placed on the top side of the circuit board to
promote testability and modifiability, as can be seen in figure 31 showing the 3D model of
the PCB. Test points were placed close to the operationally critical sections of the proto-
type for the same purpose. Only the pin receptacles used to mount the source and detector
components to the PCB were placed on the bottom side.

Figure 31. 3D model of the PCB (detector type 1 variant). Vast majority of the components were
placed on the top side of the PCB - only the IR source and detector components are located at the
bottom side.

Four solderable jumpers, acting as near zero-ohm links, were included to allow the use
of an external detector TEC controller by leaving the links open, if desired. Respectively
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closing the links utilizes the temperature control circuit integrated onboard the PCB. The
jumpers can be seen in figure 31 above the mounting hole closest to the bottom edge
of the image. Solderable jumpers were chosen instead of zero-ohm resistors, because
when operated with maximum voltage and current, the power consumed by the TEC
can theoretically reach over 600 mW. If zero-ohm resistors would have been used, their
package would have had to be quite large because of the theoretical maximum power they
would have to withstand. In addition, solderable jumpers are easier to operate with; they
can be closed by adding a sufficient amount of solder and opened using desoldering braid.

5.4 Automated error checking

The design was first inspected thoroughly by visually reviewing each of the subsystems
and traces in order to detect any clearly visible design faults. Lastly, the automated de-
sign rule check feature of PADS®, called Verify Design (figure 32), was used to make
definitively sure that no clearance or connectivity related design errors exist in the layout.

Figure 32. A screenshot showing the dialog box of the Verify Design feature of PADS® Layout.

Both of the automated error checks performed returned a clean **NO ERRORS FOUND**

notification, meaning that the PCB layouts had been designed as intended in their electri-
cal circuit diagrams.
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6 EVALUATING OPERATION OF THE PROTOTYPE

In this chapter, the measurement setups used to test the functionality of the prototype, as
well as the results obtained, are introduced. Successfulness of the electronics and PCB
design is considered by comparing the measurement results to the design calculations and
simulation-based estimations & expectations, where applicable. Finally, proposals for
future work and further research are given.

6.1 Description of experiments

A total of five experiments were conducted for the prototype within the framework of this
thesis in order to ensure desired operation of each of the designed subsystems included:

• Experiment A – basic operation of the prototype: First, to ensure that the PCBs
do not contain significant manufacturing defects or major design faults, supply volt-
age was connected alternately to the two different inputs available, and the TEC
driver supply voltage input separate from the other two inputs. Voltages of all the
test points and regulator outputs were measured.

• Experiment B – µG IR source control electronics: it was first verified that a
sufficient amount of power is supplied to the µG IR source by measuring the voltage
over it. In addition, the power supplied to the IR source was manually changed,
proving that the µG operating voltage control electronics work as intended.

• Experiment C – FPI filter control electronics: the FPI filter control electronics
were tested by setting different output values for the related PWM control signals.
By measuring, it was verified that the output voltages are of right amplitude, and
that the switch used to change between the two voltages operates nominally.

• Experiment D – photodetector signal amplification: the amplified baseline sig-
nal level of both of the photodetector variants was measured to confirm that the
amplifier setup works as it is supposed to.

• Experiment E – TEC driver: first, a small resistive load was used to simulate a
TEC element in order to test that the voltage level and the amount of current flowing
through the actual TEC would not exceed their set maximum limits. Then, the
temperature of an actual detector TEC was controlled in order to ensure operation
of the designed control circuit and the digital control loop.
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6.2 Measurement setups

All of the experiments described in section 6.1 were performed using the same basic mea-
surement setup, seen in figure 33. The PCBs were attached to an optical cuvette, which
was then enclosed inside an aluminum measurement chamber. A small part of the optical
cuvette can be seen as the black section between the PCB and the measurement cham-
ber. In the measurements performed within the framework of this thesis, the chamber was
used to reduce the possible effects of ambient IR radiation and variation in the background
concentration of the target gas in the laboratory premises. The two vertically aligned tube
fitting mounting holes, seen at the side of the chamber, were blocked for the duration of
the experiments.

Figure 33. A photograph showing the PCB attached to an optical cuvette enclosed inside a seal-
able measurement chamber. The chamber can be used to perform measurements with known
gas concentrations, by attaching tube fittings to the two threaded holes visible on the side of the
chamber.
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During each experiment, the PCB was powered using a Vaisala 219690 USB cable. The
cable was connected to a laptop computer at one end, and to the threaded vertical 4-pin
M8 male connector of the prototype (seen near the lower right corner of the PCB in figure
33) at the other end. Experiment E required the use of an additional laboratory power
supply unit because of the current demand of the TEC element, described in more detail
in section 4.7. The bench power supply unit used is a Keysight Technologies E36103A, a
programmable DC power supply with a maximum output rating of 20 V, 2 A and 40 W.

Measurement data related to Experiments A, B, C & D was captured using a Tektronix
DPO3014 oscilloscope. The ground lead of the oscilloscope probe used was connected to
the PCB’s analog ground, which acts as the reference point for the electronics. Voltages
and waveforms of the different subsystems tested were then inspected one by one to meet
the objectives of Experiments A–D. Measurement data obtained from Experiment E was
acquired using a Fluke 179 True RMS Multimeter, and by logging thermistor temperature
data on a personal computer via serial bus by operating the prototype using a command-
line interface. The experiment was conducted by first simulating the integrated TECs of
the detectors, using a set of power resistors. Three power resistors, with a nominal resis-
tance of 1.3 Ω and maximum power dissipation of 25 W each, were connected in parallel
to achieve a total resistance resembling that of a miniaturized Peltier element and having
a sufficient power dissipation capability. The resistor pack was connected to the output
of the TEC driver. For the duration of this experiment, the actual TEC element (inside
the detector package) was separated from the TEC driver output by leaving the solderable
jumpers - included on the PCB for this purpose - in the open position. After desired ac-
tion of the TEC driver had been confirmed, the solderable jumpers were closed and the
integrated TEC element of a photodetector was tested.

6.3 Results & discussion

Experiment A produced the results shown in table 5. All of the regulated and boosted
voltage levels were within an acceptable error range, and nothing of unexpected nature
was observed when voltages of the test points of the PCB were inspected one by one. The
voltage levels shown in the Nominal [V] column of table 5 are the target values of the
different voltages needed for operating the prototype. The values shown in the Measured
[V] column are averages of the measured voltage levels of three measurement iterations.
After ensuring that the operating voltages of the PCB were nominal and before performing
Experiments B–E, the embedded software developed for the prototype was flashed to the
MCU using the RS-232 serial bus, allowing full control of the prototype’s features.
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Table 5. Measurement data from Experiment A: voltages of the test points and regulator outputs.

Nominal [V] Measured [V]

34.00 34.40

15.00 15.20

12.00 12.80

11.50 11.80

8.00 8.18

3.50 3.43

3.30 3.37

Then, after flashing the firmware into the MCU, the prototype started successfully when
supply voltage was applied to it, regardless of the supply voltage input used. The results
of Experiment A indicate that the electronics associated with the operating-power related
functionalities of the prototype (see section 4.7) were successfully designed. This in-
cludes the different supply and operating voltages of the prototype, as well as the serial bus
used for flashing and commanding the MCU. The ripple and noise characteristics of the
operating voltages could be further investigated using an oscilloscope or a spectrum an-
alyzer, as such properties could potentially adversely affect the operation of the prototype.

The observations and results from Experiment B can be interpreted from figure 34.

(a) (b)

Figure 34. Voltages measured as part of Experiment B. Two µG IR source operating voltages, a
higher (34a) and a lower (34b), were tested. The operating voltage of the IR source can be calcu-
lated by subtracting the control voltage level (blue) from the constant supply voltage (turquoise).
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Subfigures 34a & 34b show the measured potential difference over the µG IR emitter,
using two different control signal voltages. In both of the subfigures, the turquoise voltage
signal is the IR source’s constant supply voltage of 8.25 V, and the blue voltage signal is
the software-selectable control signal voltage that defines the actual operating voltage of
the IR emitter as the potential difference between the constant supply voltage and the
control signal voltage. Subfigure 34a shows a larger operating voltage of 7.8 V applied
over the emitter, whereas subfigure 34b shows a smaller operating voltage of 0.72 V.
As the constant supply voltage of 8.25 V remained stable and the control signal voltage
could be set as desired, Experiment B essentially proved that the control electronics for
the IR source (see section 4.2) work as intended. The control electronics allow the user
of the prototype to either manually set different operating voltages for the IR source, or
to modulate the operating voltage of the IR source using a software-based control loop.
In practice, the IR source can be modulated by switching the control voltage between a
higher and a lower voltage at a desired frequency using a digital control loop.

Experiment C produced the measurement results shown in figure 35.

(a) (b)

Figure 35. Two oscilloscope screen captures obtained as part of Experiment C, showing that both
the High and Low operating voltages of the FPI filter can be manually set.

The FPI filter’s operating voltage was measured using a single oscilloscope probe placed
at the positive input terminal lead of the FPI filter. The ON voltage was initially set to
15.9 V and the OFF voltage close to 0 V, seen as the measured High and Low voltage
levels in figure 35a. The ON and OFF voltages were then changed, one after the other, so
that the ON voltage was reduced and OFF voltage was increased. Figure 35b shows the
operating voltage waveform after both of the changes had been made. It was thus shown
that the voltages can be individually set to desired values, corresponding to the pass-band
wavelengths of interest, within the supply voltage range of the FPI filter. Essentially,
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Experiment C demonstrated that it is possible to set two different supply voltages, inde-
pendent of each other, for the FPI filter incorporated in the prototype’s optical path.

Before performing Experiment D, a small modification had to be made to all of the
PCBs. The reason was, that on preliminary tests it was found out that the waveform of the
amplified photodetector measurement signal was not quite as it was expected to be. The
amplification circuit worked in principle, as the signal was indeed amplified to a measur-
able voltage level, but the signal was not square-wave shaped as it should have been, as
can be seen in figure 36. Various alternative possible causes were examined, including
the possibility of amplifier bias voltage swing, and the possibility of too weak a 1st stage
amplifier gain. However, these options could not explain the problem. Finally, detailed
AC-analysis simulation of the amplifier setup revealed the most plausible explanation.

Figure 36. An oscilloscope screen capture showing the overshoot problem related to the photode-
tector measurement signal amplification setup, detected prior to performing Experiment D.

The apparent cause for this undesired behavior was the phase shift created by the com-
bination of the DC-decoupling capacitor C11 and the 2nd stage amplifier’s input resistor
R38 (see figure 18 for reference), which caused the system to be unstable over the mea-
surement frequency range. The problem was fixed by choosing a higher resistance value
for the 2nd stage amplifier’s input resistor R38, effectively decreasing the reactive part of
the series impedance and significantly reducing the phase shift of the series impedance
from about -35° to approximately -0.34° at the frequency of 100 Hz. Alternatively, ca-
pacitor C11 could have been replaced, but a capacitor of sufficiently high capacitance in a
suitably sized component package was not available at short notice. After modifying the
PCBs, Experiment D could be carried out. The amplified signal of both of the photodetec-
tors (presented in sections 4.3.1 & 4.3.2) expectedly appeared as a square wave waveform,
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as shown in figures 37 and 38. The amplified photodetector measurement signals were
obtained operating at two different modulation frequencies. Both of the measurements
were performed using the oscilloscope in AC coupling mode to remove the 1.25 V DC
offset off the signal, as well as to maximize the oscilloscope’s resolution.

(a) (b)

Figure 37. The amplified measurement signal of the Hamamatsu photodetector (4.3.2) with mod-
ulation frequencies of 100 (a) & 150 (b) Hz.

As can be seen by comparing figures 37a & 37b, the modulation frequency was success-
fully changed by commanding the MCU. Based on the measurements, the amplified peak-
to-peak voltage of the Hamamatsu detector appears to vary around 800 mV depending on
the background concentration of the target gas. Some noise can be seen in the amplified
response of the photodetector, though it is not possible to determine the exact quantity or
source of it on the basis of the measurements made. The possible noise sources, such as
variation of the target gas concentration within the prototype’s optical path, are uncertain
by their significance. Figure 38 shows the amplified signal of the VIGO detector.

(a) (b)

Figure 38. The amplified measurement signal of the VIGO photodetector (4.3.1) with modulation
frequencies of 100 (a) & 150 (b) Hz.
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Again, the modulation frequencies of 100 & 150 Hz were used, as seen in figures 38a &
38b. The peak-to-peak voltage of the VIGO detector was about the same as that of the
Hamamatsu detector’s, being approximately 800 mV by average. However, the SNR of
the amplified signal produced by the VIGO photodetector seemed to be much smaller.
This should be mostly due to the larger difference in size between the active area of the
VIGO detector and the emitter area of the IR source used – the detector’s active area is
only about 1% of the size of the IR source’s emitter area. This grand difference in size
leads to only a very small portion of the IR radiation to be collected by the photodetector,
making noise a dominant part of the measurement signal. Experiment D showed that not
all the necessary aspects were initially taken into account when designing the amplifier
setup for the photodetector measurement signal. After finding out the likely root cause of
the stability-related issue and modifying the component values, the amplifier setup could
be, however, fixed to work as originally intended. The difference between the responses
of the two different photodetectors tested was significant. This difference in performance
would presumably narrow substantially, if the active areas of the detectors would be equal
in size. The measured peak-to-peak voltage of both of the photodetectors tested still
leaves some margin for raising the gain of either the 1st or the 2nd amplifier stage, as the
input range of the ADC is 0.0–2.5 V and the photodetector signal has an offset of +1.25 V.

First part of Experiment E was performed using a set of power resistors and a multi-
meter, as described in section 6.2. By commanding the MCU, the control signal voltage
fed to the ADN8833 TEC controller was manually set to first correspond to the maximum
possible voltage across the TEC element, and then to the minimum voltage over the TEC
(being desirably as close to 0 V as possible). The voltage over the power resistor pack
and the current flowing through it were then measured. The maximum voltage was mea-
sured to be 0.887 V and the maximum current, respectively, 635 mA. This would suggest
that the voltage and current limits set for the quantities in section 4.5.1 work as designed.
In addition to the maximum values, applying the OFF-state control signal voltage was
tested. When the control signal voltage was set to the OFF state, the voltage measured
over the power resistor pack was 0.001 V and the current flowing through it 0.001 A, re-
spectively. The polarity of the voltage was correct within the control signal voltage range
corresponding to the experimentally observed TEC voltage range limits of 0 to 0.887 V,
meaning that also the direction of the current flow would be correct and the TEC ele-
ment would operate in cooling mode. After the limits of magnitude of the TEC voltage
and current, as well as the polarity of the voltage and the direction of current flow had
been experimentally found to be proper, the second part of Experiment E was carried out.

The second part of Experiment E (figures 39 & 40) was done using the digital proportional–
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integral temperature control loop implemented in the embedded software. The tempera-
ture of the Hamamatsu detector’s integrated TEC element was adjusted to three differ-
ent temperature set points: +20, 0 and -30 °C. The experiment was conducted in the
room temperature of about +27 °C, meaning that the theoretical ΔTMAX of the TEC
element (see section 4.3.2) could not have precluded the experiment. With the propor-
tional and integral terms chosen, the system’s response showed no noticeable oscilla-
tion during settling. Correspondingly, the settling time of the system was quite slow
depending on the set point temperature chosen. The higher the ΔT, the longer the sys-
tem’s settling time. The settling times for the different temperature set points were ap-
proximately 2 minutes for 20 °C, 3 minutes for 0 °C and 6 minutes for -30 °C. Once
the temperature set point had been reached, the temperature remained close to the set
point value. After stabilizing to the set point, the temperature varied within an error
range of ≤ ±0.05 °C. This level of accuracy should be sufficient in the application.

Figure 39. The Hamamatsu photodetector’s integrated TEC was cooled down to three temperature
set points (+20, 0 & -30 °C) to ensure desired operation of the TEC driver.

In addition to acquiring the temperature data, the photodetector measurement signal was
measured once the temperature set points had been reached, in order to find out how
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operating the TEC controller affects the signal. The effect of operating the TEC con-
troller can be seen in figure 40. On preliminary assessment, it quite clearly appeared that
the amount of noise in the photodetector measurement signal increased when the TEC
controller was used to control the temperature of the photodetector. The phenomenon
can be most clearly noticed by comparing the measured waveforms of figures 37a & 40.

Figure 40. An oscilloscope screen capture showing an increase in the amount of noise present
in the amplified photodetector measurement signal, when the TEC controller was being used for
cooling the photodetector.

The main findings of Experiment E can be summarized as follows. The TEC driver and
the associated electronics work as designed, making it possible to set and control the tem-
perature of the integrated TEC element of the photodetectors tested. However, as using
the TEC driver seems to produce a considerable amount of noise to the photodetector’s
signal, the desired benefit of cooling the detector was not achieved. The cause of this
adverse effect needs to be identified among the other topics of further research.

6.4 Future work

From a purely performance-centric point of view, it can be stated with great certainty
that the design could be further optimized by making component choices based not on



77

established practices and availability, but instead on the factors that most significantly
affect the operation of the prototype. For the most part the component choices were made
reasonably, but in some respects this situation was not fully achieved due to problems
in component availability. From the point of view of possible future productization of
the concept, the matter is slightly different, however. Considering productization, the
design should be further unified, which in this context would mean reducing the number of
different components used to a minimum, as well as choosing less expensive components
of sufficient quality. In addition, it would likely be a good idea to evaluate the possibility
of using only typical passive component values that are generally available (meaning
component values included in some of the commonly used E series of preferred numbers)
to reduce the possibility of production-related availability problems – however this should
preferably not be done at the expense of performance.

The photodetector measurement signal amplifier setup design should be once more eval-
uated in detail and optimized, and then, if it turns out to be necessary, the use of other
possible amplification implementations could be considered. In addition to the amplifier
setup, the TEC control circuit requires further evaluation. The proportional and integral
terms of the digital control loop could be further optimized using the heuristic Ziegler–
Nichols method, or similar. Then, the performance of the TEC controller (4.5) should
be benchmarked in chosen temperature set points using the Thorlabs TED200C (briefly
mentioned in section 1.2 and seen within the block diagram in figure 13) as a reference.
The exact cause of the noise observed in the photodetector measurement signal, related
to the TEC control circuit, should be investigated and thoroughly understood so that the
amount of noise caused by the temperature control electronics can be reduced by imple-
menting appropriate design changes. If it is decided that the use of the TEC controller is
continued after optimizing the associated circuit, tests in different temperatures, humidi-
ties and other controlled environmental conditions should be performed to see whether
the TEC controller performance is sufficient in changing environments and the gas sensor
performance remains good. On the other hand, if no clear solution to the noise problem
is found, the use of other PCB-attached alternatives for implementing the temperature
control functionality could be considered. After these steps of further research have been
executed, the prototype’s performance should be defined by measuring known concen-
trations of the target gas and defining the signal-to-noise ratio of the measurement signal
produced by the photodetector. This should eventually make it possible to estimate the
accuracy, precision and resolution of the sensor. Taking these steps of future work should
allow defining the need for changes in the electronics and PCB design in order to reach
the desired level of performance.
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7 CONCLUSION

The aim of this master’s thesis was to combine previously created separate prototype de-
signs and functionalities proven to work, related to the development of a novel optical
gas sensor. For this purpose, a single-circuit-board prototype, that could be easily used
for testing the performance of the concept, was designed and implemented. As a novel
feature, electronics required to control the temperature of a TEC integrated inside a pho-
todetector were designed. For future reference, it should be noted that considerable care is
required when designing multi-stage amplifier setups. In particular, impedance loads with
a significantly high reactive component do affect the operation of operational amplifiers -
a phenomenon that could have been detected earlier on than it was by accurate and more
versatile simulation and by having a closer look at the related theory. Perhaps the single
most significant highlight related to the design work done is the TEC controller integrated
on the PCB. Designing and testing this kind of an integrated solution for controlling the
detector’s temperature has significant novelty value within the framework of the ongoing
research & development work related to the topic of this thesis.

In addition to the design work done, early stage tests were performed as part of of this the-
sis in order to confirm basic operation of each of the subsystems incorporated in the pro-
totype. The experiments performed were delimited to ensuring that the prototype works
as designed and desired. Based on the experiments performed for the prototype, the ob-
jectives set for the work were all achieved. The IR emitter as well as the voltage-tunable
FPI filter could be controlled appropriately and the measurement signal produced by the
photodetector was succesfully amplified to an adequate voltage range. Tests performed
with the integrated TEC controller provided promising results, however optimizing and
evaluating performance of the design should be continued. Most of the functionalities
worked as intended right away, however some of them required minor changes to be
made, mainly limited to modifying individual component values. It should be noted that
such need of modifying the design is an expected, inherent and normal part of any kind
of prototyping. The main results of this master’s thesis are the prototype electronics and
PCB designed. The electronics and PCB designed are an essential part of an optical gas
sensor prototype that allows easily testing a rapid-measurement concept by measuring
known concentrations of the target gas. Altogether, the implemented prototype managed
to meet the fundamental criteria and requirements set for its operation. Once the follow-
up actions proposed in section 6.4 have been made, the prototype and the information
obtained by testing and using it should allow evaluating the concept’s feasibility more
comprehensively than was previously possible.
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Appendix 1. MCU Pin Configuration

Pin # Function Schematic ID Additional notes

1 VREF- AGND Analog ground reference point for the +2.5 V internal reference voltage OUTPUT

2 VREF+ VREF_2V5 Internal +2.5 V reference voltage OUTPUT from the MCU to the detector amplifier interface

3 A2 VREF_TEC_2V5 Measure the TEC driver's internal 2V5 reference, divided to 1.25 V by a resistor voltage divider

4 A12 DET_MEAS Amplified measurement signal from the photodetector, DC offset +1.25 V

5 A13 I_TEC_MEAS Voltage proportional to the current flowing through the thermoelectric cooler (from ADN8833)

6 A14 V_TEC_MEAS Voltage over the thermoelectric cooler (from ADN8833)

7 A15 30V_MEAS FPI driver circuit supply voltage

8 P4.7 TEC_ENABLE ADN8833 TEC driver is enabled, when EN/SY input > 2.1 V and VLIM/SD input > 0.07 V

9 - TP2 -

10 TB0.1 IR_PWM Microglow IR source control voltage

11 TB0.2 FPI_PWM_1 FPI operating voltage 1

12 TDO JTAG_TDO -

13 TDI JTAG_TDI -

14 TMS JTAG_TMS -

15 TCK JTAG_TCK -

16 A8 NTC_MEAS Voltage over the resistor linearizing the detector's NTC thermistor

17 A9 I_IR_MEAS Voltage corresponding the current flowing through the microglow IR source

18 A10 V_IR_MEAS Voltage over the microglow IR source

19 A11 12V_MEAS -

20 - TP6 -

21 - TP7 -

22 TEST TEST -

23 RST RST / 3.3V -

24 UCA0TXD TXD -

25 UCA0RXD RXD -

26 - TP5 -

27 - TP15 -

28 - TP26 -

29 - TP3 -

30 - TP4 -

31 TB0.3 FPI_PWM_2 FPI operating voltage 2

32 TB0.4 TEC_CTRL_PWM Control signal for the ADN8833 TEC driver

33 P4.4 LED Supply voltage for a red LED indicator

34 - TP28 -

35 - TP29 -

36 DVSS AGND -

37 DVCC 3.3V -

38 P2.7 FPI_SW_CTRL Control signal for the SPDT switch used to modulate between FPI_PWM_1 and FPI_PWM_2

39 UCA1STE RE -

40 UCA1CLK DE -

41 AVSS1 AGND -

42 HFXIN Z1 -

43 HFXOUT Z1 -

44 AVSS2 AGND

45 - TP9 -

46 - TP14 -

47 AVSS3 AGND -

48 AVCC 3.3V -

49 THERM_PAD AGND Exposed / Thermal pad, connected to AGND
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