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ABSTRACT

The development and verification of Ultrasonic Oscillating Temperature Sensors (UOTS) for
measuring aggregate air temperature in residential settings is the primary focus of this thesis.
Conventional temperature sensors, while commonly used, have limitations, including time lag
and localised measurement. In contrast, UOTS provides a more comprehensive solution by
offering rapid, responsive temperature measurements across the entire ultrasonic pathway us-
ing cost-effective piezo transducers. The research involved designing and experimenting with
an air based UOTS system, specifically built using standard 20x20 aluminum profiles and ul-
trasonic transducers. This system was driven by an integrated circuit, equipped with dual op-
erational amplifiers, and connected to conventional sensors (AHT20 and BMP280) via an 12C
interface to serve as a reference temperature logger. Experimental setups included using A
cardboard thermal testing enclosure and a domestic hairdryer to isolate the assembly from room
air movements and rapidly heat the air, allowing for detailed monitoring of temperature
changes. Key findings revealed that the UOTS responded much faster to abrupt temperature
changes than conventional sensors. The UOTS demonstrated reliability over prolonged periods
and varying distances (0.15 to 0.95 meters), showing sensitivity in the order of ~50 Hz/K.
However, the research also concluded that while UOTS is effective for detecting rapid temper-
ature changes, conventional sensors remain necessary for continuous monitoring, especially in
environments with varying air movements. Overall, this research highlights the potential of
UOTS in residential temperature control applications, offering a low-cost, efficient alternative
to traditional sensor networks. The study opens the door for further advancements in tempera-
ture measurement technology, particularly in the context of smart homes and energy-efficient

climate control systems.
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Chapter 1 : Introduction and background

The introductory chapter outlines the goals and purposes of the research. Temperature sensors
are utilised in numerous industrial, scientific, medical, and residential applications, and their
design and/or operating principles vary to better cater to specific requirements The global sen-
sor market size was evaluated at USD 204.8 billion in 2022 and is expected to hit around USD
508.64 billion by 2032, growing at a CAGR of 8.40% from 2023 to 2032 The market's growth
is fuelled by innovations in sensor accuracy, miniaturization, and the integration of 10T capa-
bilities, which are increasingly critical in sectors such as healthcare, automotive, and smart
home systems.[1] While a single temperature sensor is often adequate for many applications,
there are instances where a cluster of sensors is necessary to optimise a design, such as in the

case of a refrigerator.

Temperature measurements play a critical role in maintaining the safe and optimal functioning
of nuclear reactors and aircraft engines Ultrasonic temperature measurement offers the ad-
vantage of responsive measurements throughout the ultrasonic pathway, unlike conventional
temperature sensors that measure the temperature only at the point of their installation [2]. A
range of conventional temperature sensors, including infrared temperature sensors [3], re-

sistance temperature detectors [4], thermistors [5], and thermocouples [6], are discussed here.



1.1 Introduction

Temperature sensors have gained widespread adoption in various fields, including science,
medicine, industry, and daily life. However, conventional temperature sensors can have limi-
tations due to their operating principles, such as a time lag and response to temperature changes
at only one localised point. In contrast, ultrasonic temperature sensors offer responsive meas-
urements across the entire ultrasonic pathway, utilising the dependence of ultrasound velocity
on the temperature of the propagation medium through pulse-echo and through-transmission
principles. These sensors have demonstrated high sensitivity and reliable detection of fast tem-
perature changes. Unfortunately, the high cost of the necessary ultrasonic instrumentation has
limited their use. The development of Ultrasonic Oscillating Temperature Sensors (UOTS) was
undertaken to address this issue, utilizing inexpensive, mass-produced narrowband ultrasonic

sensors to lower the cost of the required instrumentation.

Piezoelectric transducers with a frequency range above 20 kHz are utilised in UOTS, generat-
ing sustained oscillations whose frequency corresponds to the temperature of the medium be-
tween the transducers. These sensors have demonstrated the ability to measure temperature in
liquids with high responsiveness and low cost across an ultrasonic path of approximately 100
mm. The present study aims to extend the application of UOTS to measure temperature in air
at varying distances, enabling the assessment of aggregate temperature in residential buildings

using a single sensor.

1.2 Background

In a technical system, a sensor is a receptor that detects environmental changes. Temperature
sensors are among the most frequently employed in industrial and domestic settings. As per
[7], the market share volume of temperature sensors is expected to be expected to reach $11
billion by 2030 rising at a market growth of CAGR of 8.40% during the forecast period[1]

1.2.1 Ultrasonic thermometry

Ultrasonic thermometry relies on the correlation between ultrasound velocity and the properties
of the medium, particularly its temperature. Accurate measurements of ultrasonic time-of-flight
between two fixed points located at a known distance enable the determination of ultrasound
velocity. Piezoceramic ultrasonic transducers are typically used to generate ultrasound waves
by applying an AC voltage. The waves are either transmitted to an ultrasonic receiver or re-

flected by an object with an acoustic impedance that differs substantially from the environment,



known as a reflector. In pulse-echo mode, the transducer is switched to receive mode before
the reflected waves reach it, allowing for the detection of the echo, thereby eliminating the need

for a separate receiver transducer.

Ultrasonic temperature sensors differ from conventional sensors in two significant ways: (a)
they provide rapid and responsive temperature measurements, and (b) they detect temperature
along the entire ultrasonic pathway. This makes them capable of replacing multiple conven-
tional sensors that may be difficult to position within the object being monitored, such as for
temperature monitoring within a dwelling's living area. It is possible to use more advanced and

suitable devices.

The speed of sound in air is influenced not only by temperature but also by the moisture con-
tent, or humidity, present in the atmosphere. As humidity increases, the density of air decreases,
resulting in an increased speed of sound. If humidity is not accounted for, this faster sound
speed may lead the sensor to inaccurately interpret the data as indicating a higher temperature.
Therefore, to ensure the accuracy of temperature measurements obtained from an ultrasonic
sensor, it is essential also to measure the humidity level. By accurately determining both tem-
perature and humidity, appropriate corrections can be applied to the sensor’s readings, thereby
enhancing the precision of the temperature measurement. In environments where humidity lev-
els vary significantly, the integration of a humidity sensor alongside the ultrasonic temperature
sensor facilitates real-time adjustments, ensuring that temperature readings remain accurate

regardless of fluctuations in humidity.

Ultrasonic oscillating temperature sensors (UOTS) have been developed to solve the high cost
of existing ultrasonic instrumentation. [2]. A UOTS operates by generating sustained oscilla-
tions at a frequency related to the temperature of the medium between the transducers. To im-
plement a UOTS, a pair of ultrasonic transducers and driving electronics with supervisory con-

trol and output reporting are needed, The total cost of these components is below £20.[2]

Ultrasonic sensors are highly versatile instruments employed in both temperature measurement
and object detection, playing essential roles in optimizing the efficiency and effectiveness of
various applications. Their applications encompass maintaining precise temperature control in
refrigeration systems, ensuring accurate heating in ovens, as well as enhancing robotic sensing

capabilities and detecting irregular components in industrial processes.



1.2.2 Temperature measurements in residential buildings

Temperature is a crucial parameter in thermodynamics and kinetic theory, representing a sys-
tem's thermal state. In physics, it is defined as the average Kkinetic energy generated by the
particles in a system. It is commonly measured using Celsius, Kelvin, and Fahrenheit scales.
Although there is no maximum temperature limit, the lowest possible temperature, called ab-
solute zero, has been established, at which all molecular motion stops. To measure temperature,
various physical parameters such as expansion coefficient, resistivity, voltage, and capacity are
considered [8]. In the context of dwellings, the temperature is typically maintained between
15-30 degrees Celsius, which is considered comfortable and tolerable for humans. Some of the

most used conventional temperature measurement methods or sensors are discussed below.

1.2.3 Types of conventional temperature sensors

Temperature sensors can be categorised into two primary types: contact and noncontact ones.
Contact sensors necessitate the sensor and object to be in thermal equilibrium. The most used
contact sensors include thermocouples, resistance temperature detectors (RTDs), thermistors,
and integrated semiconductor temperature sensors. In contrast, noncontact temperature sensors
estimate the temperature of a distant object by analysing its thermal radiation properties. These
sensors calculate the thermal radiant power of infrared or optical radiation acquired from a
predetermined area or volume [4] using techniques such as infrared (IR) sensors and remote

thermal diode temperature sensors.

1.2.1.1 Thermistors

Thermistors are sensors that respond to changes in temperature by measurably altering their
resistance. This relationship is nonlinear and requires some calculation to determine the tem-
perature from the measured resistance. Thermistors consist of a material, such as ceramic or

polymer, embedded in a system or encapsulated in epoxy resin or glass.

There are two types of thermistors: negative temperature coefficient (NTC) and positive tem-
perature coefficient (PTC) thermistors. NTC thermistors are the most used, as their resistance
decreases as the temperature increases [9]. Thermistors are frequently used in industry and
home appliances due to their low cost. Another advantage of thermistors is their relatively high

resistance. They have a variety of applications, such as in cars, to measure oil and coolant



temperatures. Although they are generally less expensive than (RTDs), they are also less accu-

rate. They allow for the monitoring of ambient temperature changes. Figure 1.1 shows the ther-

mistor temperature characteristic curve.
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Figure 1.1: The thermistor temperature characteristic curve [9].
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In contrast to other temperature sensors, thermistors typically operate within a limited temper-

ature range but offer high accuracy and precision within that range. A common way of using a

thermistor, shown in Figurel.2, is where a thermistor and a fixed value resistor form a voltage

divider with its output connected to an ADC.
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Figure 1.2: Typical Thermistor Interface [9]



1.2.1.2  Thermocouples

A temperature sensor known as a thermocouple measures temperature at a specific point by

producing an electromotive force (EMF). This sensor contains two wires of different

conductive metals or alloys joined in a protective container called a thermowell. The voltage
generated at the junction of these two wires is proportional to the temperature of the thermow-
ell. Thermocouples have the benefits of being cost-effective, measuring a wide range of tem-
peratures, and having a small size. However, they have drawbacks such as low voltage sensi-
tivity, and their (EMF) may drift in a matter of hours or days, requiring frequent calibration
[10]. As shown in figure 1.3
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Figure 1.3: Construction of Thermocouple [10].

1.2.1.3 Resistance temperature detectors (RTDs)

Resistance temperature detectors use the correlation between the electrical resistance of con-
ductive materials and their corresponding temperature, with platinum, nickel, and copper being
common materials for constructing them. These materials are usually wrapped around a ce-
ramic or glass core. The platinum option is especially favoured due to its highly linear re-

sistance-temperature relationship [11].

One of the advantages of using (RTDs) for temperature measurement is that they do not require
external temperature references, as the relationship between resistance and temperature is
highly predictable.( RTDs) are effective in a temperature range of -200 to 600°C, which is
adequate for many household and industrial applications. (RTD) sensors are increasingly em-
ployed in industrial settings and are even replacing thermocouples for temperature monitoring
[12].



Compared to thermocouples, (RTDs) have a more accurate and linear behaviour over a more
comprehensive temperature range. The benefits of using( RTDs) include a stable output over
an extended time, precise readings over a narrow temperature range, and ease of recalibration.
However,( RTDs) have some drawbacks, including a higher initial cost, less durability in high-
vibration environments, and a smaller temperature range overall. To use( RTDs), an electrical
current is required to produce a voltage drop across the sensor, which can then be measured
using a calibrated read-out device A typical (RTD) is shown in Figure 1.4: Resistance
temperature detectors (RTDs) [13].

Figure 1.4: Resistance temperature detectors (RTDs) [13].

1.2.1.4 Infrared temperature (IR) sensors

Noncontact temperature sensors make it possible to measure temperature without direct contact
with the measured medium. Infrared radiation sensors are most widely used, as they can detect
thermal changes in an object by measuring its infrared radiation. These sensors offer several
advantages, including measuring the temperature of moving objects at a notable distance, a

wide range of measurement capabilities, and fast reading times.

However, there are some disadvantages to using IR measurements. One major drawback is that
differences in emissivity and reflectivity between objects can hinder the accuracy of tempera-
ture readings [14]. Additionally, these sensors are unsuitable for measuring gas temperatures

and, therefore, for measuring the overall air temperature in dwellings.

The popularity of(IR )temperature sensors has risen significantly, mainly because they are com-
pact and easy to operate. During the COVID-19 pandemic, they were used to reorganise social

spaces and prevent the spread of the virus. Since fever is a common symptom of COVID-19,
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temperature measurement is one of the most frequently used screening protocols. Many coun-
tries have regulations that mandate temperature checks before entering public buildings, work-
places, and shops, as shown in Figure 1.5.

Figure 1.5: Infrared radiation (IR) temperature sensors.[14]

1.2.1.5 Semiconductor Temperature Sensors

Over the past few decades, semiconductor temperature sensors have become increasingly pop-
ular and widely used in various applications. These sensors are integrated circuits (ICs) and are
thus commonly called(IC) temperature sensors They are typically manufactured on thin silicon

wafers and divided into individual chips[15]

Semiconductor temperature sensors can be classified into five main categories: voltage output,
current output, digital output, resistance output, and silicon diode temperature sensors. These
sensors provide highly linear outputs within a temperature range of -40 to +120°C [14]. They
have the advantages of being relatively small in size, low in cost, highly accurate (within +2°C
or less), and low in power consumption. However, it is important to note that these sensors
may not consistently maintain adequate thermal contact with the measured surface. Table 1.1

summarises the main features of the different temperature sensors mentioned above.



Table 1.1: shown Summarises the main features of the different temperature sensors.

Main characteristics | Thermistors RTDs Thermocouples IC sensors

Temperature range 0°C to +100°C | —200°C to +850°C | —184°C to +2300°C | —55°C to +150°C

Typical accuracy Low Best Fair Good
Linearity Worst Best Fair Good
Sensitivity Good Fair Worst Best
Ease of use Fair Difficult Difficult Easy
Cost Cheapest Highest Moderate Moderate

1.3 Use of ultrasound for temperature measurements

The term "ultrasonic" originates from the Latin words "ultra,” meaning "beyond," and "sonic,"
meaning "sound.” Ultrasound refers to sound waves with frequencies higher than the human
hearing range, typically between 20 Hertz and 20 kilo Hertz for healthy individuals, hence,
above 20 kHz. In 1912, the sinking of the Royal Merchant Ship Titanic after a collision with
an iceberg prompted efforts to develop submerged detection methods. Researchers quickly dis-
covered that higher-frequency waves were more effective for iceberg detection, leading to the
development of ultrasonic technology to replace audible waves. This technology was pioneered
by the father of ultrasonic Langevin, and the first underwater transducers were developed dur-
ing World War | [16].

Ultrasonic waves possess unique characteristics that enable their use across a broad range of
fields, including engineering, biology, medicine, oceanography, and others. Ultrasonic waves
are characterised by their longitudinal nature in gases and liquids and transverse nature in sol-
ids. Despite travelling at a slow speed of approximately 100,000 times slower than electromag-
netic waves, they can travel long distances, providing enough time for the transmission and
reception of information. Unlike other forms of radiation, ultrasonic waves can penetrate
opaque and conductive materials, generate heat within them, and produce images of their inte-
rior, making them suitable for non-destructive, non-invasive, and non-ionising applications

such as non-destructive testing (NDT). Notably, ultrasonic waves are useful in creating images



of tumours in the human body without the need for surgery, making it a safe alternative for
patients [16].

There are two main categories of ultrasound applications: low-intensity, primarily for non-de-
structive testing (which is the focus of this research), and high-intensity applications, such as
ultrasonic machining in industry and focused human tissue heating in medicine. Ultrasound is
used for temperature measurement by taking advantage of the fact that the velocity of ultrasonic
waves depends on the temperature of the medium. As temperature changes, the propagation
delays of ultrasound between a fixed transmitter and receiver pair also vary. Variations in tem-
perature can cause significant changes in the propagation delays of ultrasound between a fixed
transmitter and receiver pair. Similarly, fluctuations in humidity can alter the speed of sound,
further impacting the precision of ultrasound measurements. To ensure accurate readings, it is
crucial to regularly calibrate the system, accounting for both temperature and humidity varia-
tions. Such calibration is essential for mitigating the effects of environmental factors, thereby

preserving the reliability and accuracy of ultrasound measurements.

The first report on using ultrasound for temperature measurement was published in 1873 [17],
and by 1975, around 500 industrial ultrasonic thermometers capable of measuring temperatures
up to 20,000 °C in gases had been developed, In contrast to conventional temperature sensors,
which respond to the temperature at their location only after a noticeable response time, ultra-
sonic temperature measurement provides responsive measurements throughout the entire ul-

trasonic pathway.

1.3.1 Types of acoustic thermometers

Temperature measurement using ultrasound has a rich history Temperature measurement using
ultrasound has a rich history dating back to 1873 [17]. Various techniques for measuring tem-
perature in solids, liquids, and gases have been developed. The use of ultrasound has enabled
measurement with sub-millisecond response times, allowing for temperature monitoring in ex-
treme conditions and high temperatures. For instance, in shock tubes, temperatures as high as
9000°C have been measured 18].

Similarly, in plasmas, ultrasound-based methods have been able to measure temperatures ex-
ceeding 20,000 °C. In situations, where conventional temperature measurement tools like ther-
mocouples, resistance instruments, or optical pyrometers are not feasible, thin-wire sensors

have been used in industrial and nuclear applications. These sensors can continuously monitor
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nuclear reactors at temperatures above 2000°C. However, ultrasonic equipment has been unaf-
fordable in the past due to its size and cost. To improve sensor protection, some sensors require
airtight enclosures, which can delay sensor response due to the need to achieve temperature

equilibrium [19].

1.3.1.1 Acoustic Temperature Sensor (ATS)

The propagation of an acoustic wave through a medium is a function of temperature, which is
the basis for the operation of an acoustic temperature sensor, Due to their poor accuracy, they
are, however, not the best option [20].

1.3.1.2 Surface Acoustic Wave sensor (SAW)

SAW (Surface Acoustic Wave) technology utilises thermal expansion and propagation delay
to create devices that have found numerous successful applications. These devices offer the
necessary complex frequency responses at a reasonable cost [21]. SAW sensors function by
initiating a surface acoustic wave on a piezoelectric material and detecting any alterations in
the wave's frequency, amplitude, or velocity as it passes through a sensitive region. Although
these sensors can be manufactured inexpensively, they have drawbacks, such as interference
with chemical sensors and reduced selectivity due to fabrication tolerances [22]. One way to
improve the performance of these sensors and lower their cost is to use less expensive materi-

als.

1.3.1.3 Laser ultrasonic sensor (LUS)

By employing laser ultrasound inversion to determine the temperature distribution within a
material, a new(SAW)-based propagation delay method was introduced. Laser ultrasound has
an advantage over(SAW) in that the inversion process does not require surface boundary re-
strictions [23]. Laser ultrasonic sensors are used in a variety of applications, including non-
destructive testing (NDT) of materials, thickness measurement of coatings and films, and meas-

urements of the elastic properties of materials.

1.3.1.4 Bulk Acoustic Wave sensor (BAW)

For decades, the simplest and most ancient form of acoustic temperature sensor has been uti-
lised as a thin film monitor in thermal evaporators. These sensors are based on the Quartz
Crystal Microbalance (QCM) and consist of a small-sized thin film resonator, similar to a

quartz crystal. The resonator contains a piezoelectric film sandwiched between metal films.
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BAW (Bulk Acoustic Wave) sensors, characterised by their linear operation under extremely
high temperatures and pressure [24], have sensitivities in the nanogram range, making them
suitable for testing gas and liquid samples, BAW sensors present several distinct advantages
over alternative sensor types, notably in terms of their high sensitivity, rapid response times,
low power consumption, and potential for miniaturization. Specifically, BAW sensors can
achieve sensitivity levels up to 1.5 ng/cm? in mass detection applications, enabling the detec-
tion of extremely subtle mass changes. Their response times are also notably rapid, typically
less than 1 millisecond, which is essential for applications requiring real-time monitoring. Fur-
thermore, BAW sensors operate at ultra-low power levels, typically consuming less than 10
MW, a figure significantly lower than that of many other sensor types. This low power require-
ment makes them particularly well-suited for use in battery-powered, portable devices. Addi-
tionally, the capacity of BAW sensors to be miniaturized to sub-millimetre dimensions further
underscores their suitability for integration into compact, portable electronic device [25]

1.3.2 Notable developments in ultrasonic thermometry

Ultrasonic temperature measurement relies on the observed relationship between the velocity
of ultrasonic waves and the object's temperature through which they travel [26]. As the sound
velocity of a material is dependent on its temperature, The temperature can be determined by
measuring the propagation velocity of ultrasonic waves. Thus, Temperature measurement is
based on the practical observation that ultrasonic velocity correlates with temperature. This
principle posits that the speed at which ultrasonic waves propagate through a material depends
on its temperature, providing a foundation for temperature measurement across various mate-
rials. To numerically establish this correlation [27], the following steps are typically under-

taken:

1-Ultrasonic velocity is measured at different known temperatures through controlled experi-
ments. Ultrasonic transducers, employing either the pulse-echo or through-transmission tech-
nique, are used to measure the velocity at each temperature with precision. This process is
repeated across a range of temperatures to compile a dataset of temperature values paired with

corresponding ultrasonic velocities.

2-The collected data is plotted, with temperature on the x-axis and ultrasonic velocity on the
y-axis. A trend is observed, typically linear or nonlinear depending on the material, illustrating
a clear relationship between temperature and velocity measurement can thus be calculated as

shown in equation 1.1
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V(T)=Vst aT (1.1)

V/(T) is the ultrasonic velocity at temperature T.

V0 is the ultrasonic velocity at a reference temperature
a is the temperature coefficient of ultrasonic velocity.

To Calibration and Validation, the derived equation is validated by comparing predicted ultra-
sonic velocities at various temperatures with experimentally measured values. Calibration in-
volves adjusting the model's coefficients to minimize the error between the predicted and ob-

served values.

Once this correlation is established, ultrasonic velocity can be measured in real time within an
unknown environment, allowing the corresponding temperature to be inferred using the estab-
lished mathematical model. This method is widely utilized in industries for non-invasive tem-
perature measurement in various processes. Ultrasonic temperature measurement is founded

on this practical observation of the correlation between ultrasonic velocity and temperature.

In 1972, Lynnworth et al. applied for a patent to measure temperature profiles in high-temper-
ature gaseous and liquid media. Ultrasound propagated in a metal rod with equally spaced dis-
continuities, which reflected it to the transducer. By measuring the delay between the neigh-
bouring echoes, it was possible to assess the aggregate temperature in the rod's section between

the specially placed discontinuities [28].

In 2004 Liao et al. used inexpensive 40kHz air ultrasonic transducers for air conditioning ther-
mometry in an automobile. The change in air temperature between the transducers resulted in
an associated change in the velocity of the ultrasonic waves, which was measured using the
time-of-flight (TOF) and phase shift (PS) techniques. The estimated air temperature was within
0.4 centigrade of the temperature measured by the reference thermocouple. This outcome,
which was achieved using relatively expensive electronic instrumentation, was considered ad-

equate for automobile air conditioning systems [27].

In 2008, Malyarenko et al. used ultrasonic system thermometry to determine small temperature
changes caused by the therapeutic cancer treatment radiation in order not to exceed safe levels
of the latter. They developed analog variable-frequency and digital phase monitor laboratory
prototypes. In particular, the analog prototype tracked the signal phase by continuously adjust-
ing the output frequency to compensate for phase shifts due to changing temperature. The phase

detector consisted of a mixer followed by a lowpass filter. The prototypes detected changes in
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the order of tens of microkelvin averaged over the acoustic path of about 60 cm at room tem-
perature in water with root-mean-squared noise of about 5uK [29].

In 2016, Lévesque et al. implemented integrated ultrasonic transducers (IUTs) on a small fire-
arm at 3 locations. They were used to measure the inner bore temperature during actual firing.
The firing test included both single shots and several shot firings sequences. Ultrasonic delay
measurements were conducted with a resolution of less than one ns. Processed data provided
indications for the average temperature rise through thickness after each shot and were fed into
a simple 1D model of heat conduction. This model was found to be useful in predicting the

inner bore temperature [30].

Afaneh et al., 2011 applied an acoustic sensor of pulse-echo type to various liquids (aqueous
solutions of different salinity and acidity). In this study, a 20 MHz ultrasonic transducer and a
reflector that was mounted inside a dipstick probe were placed inside a controlled temperature
tank filled with the solution of interest. The reflector featured a cavity filled with deionised
water used as the reference. The temperature was estimated by measuring two delays in the
propagation of the acoustic wave through the medium of interest and deionised water. The
results showed success in detecting and quantifying the changes in the Temperature of the so-

lution when compared with a conventional thermometer with a resolution of 0.1 K [31].

The instrumentation employed encompasses high-speed electronics capable of capturing and
processing signals with exceptional temporal precision. Key components, such as digital sam-
pling oscilloscopes (DSOs), arbitrary waveform generators (AWGS), and low-jitter clock
sources, are integral to these systems. Additionally, laser-based systems may be utilized in

certain configurations to generate or detect ultrasonic waves with high temporal accuracy.

The high precision of these instruments often results in significant cost implications, owing to
the requirements for ultra-fast electronics, low-noise environments, and advanced signal pro-
cessing capabilities. For example, high-speed oscilloscopes with bandwidths exceeding 20
GHz and sampling rates in the hundreds of giga samples per second are commonly employed

in cutting-edge ultrasonic thermometry.[32].

The developments mentioned above utilised high-resolution delay measurements requiring ex-
pensive electronic instrumentation. In addition, most of these used high-frequency, rather ex-
pensive, ultrasonic transducers, which prevented the use of ultrasonic temperature sensors in a

wider context.
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1.4 Ultrasonic oscillating temperature sensors

In order to decrease the high cost of ultrasonic instrumentation associated with ultrasonic tem-
perature measurements, ultrasonic oscillating temperature sensors (UOTS) were developed,
which can be made practical using mass-produced transducers and electronic parts at a fraction
of the cost of conventional high-resolution ultrasonic measurement equipment. The lower-cost
UOTS system consists of inexpensive narrowband piezo transducers with driving electronics.
The operating principle of the ultrasonic oscillating temperature sensor is to produce continu-
ous oscillations at a frequency that corresponds to the temperature of the medium of interest
between the transducers. To achieve this, the narrowband ultrasound transducers should oper-
ate in the through transmission mode and use a positive feedback loop to sustain oscillations,
which is similar to the mechanism used in surface acoustic wave (SAW) oscillators [2].

The previous developments mentioned relied on high-resolution delay measurements, requir-
ing costly electronic instrumentation. Specifically, these systems used time-of-flight (ToF)
measurements with resolutions in the nanosecond range (typically around 10-100 ns), which
demanded expensive electronics such as high-speed counters and digital oscilloscopes. This
high resolution was necessary to detect small changes in the propagation time of the ultrasonic

waves due to temperature variations, but it significantly increased the cost of the system.[33].

An amplifier is utilised between the input and output transducers in order to maintain sustained
oscillations, as depicted in Figure 1.6.
The UOTS operating principle involves the gradual development of oscillations at various fre-
quencies, depending on the initial conditions, due to input noise. The amplifier is required to
compensate for all the conversion and transmission losses in the electrical and ultrasonic path-
ways and ensure that the overall gain in the signal loop is greater than or equal to unity. The
phase shifter, which is optional, may be used to adjust the output frequency at a particular
temperature. The UOTS oscillates at the frequency where the overall phase shift in the open
loop equals n x 360°, where n is an integer. Furthermore, a bandpass filter can be added to

restrict oscillations to a specific frequency range only [2]

15



Tx Rx

Fout
&l Ph.ase - %
shifter X,

Figure 1.6: Operating principle of an UOTS [2].

A basic oscillating ultrasonic sensor can be created by positioning a pair of ultrasonic trans-
ducers coaxially and utilising a variable gain amplifier (VGA) to compensate for losses in con-
version and propagation. However, this setup is insufficient for obtaining consistent output
readings within a single frequency range. The addition of a phase shifter (PS) and a band pass
filter (BPF) allows for the limitation of the output frequency to a specific defined range and

sets it to the required value at a reference point.

These circuits necessitate control by a microcontroller, which also measures the output fre-
quency and sends the data to a PC [34]. (See Figure 1.7)..

TXI IRX
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Output X X Xy
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requencyf + * +
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Figure 1.7: Complete diagram of a UOTS [34]
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1.5 Previous developments in ultrasonic oscillating sensors

The UOTS technique relies on the dependence of ultrasonic sound velocity transmitted through
a substance on temperature changes. The speed of ultrasonic waves through different sub-
stances ranges from hundreds of meters per second to several kilometres per second, allowing
interrogation at almost zero settling time. The objective of most of these studies is to produce
and develop UOTS devices that can be obtained at a cost comparable to that of conventional
sensors while providing higher accuracy and reliability. Acoustic temperature measurement
studies have been conducted in gases, liquids, and solids, with many of them accompanied by
conventional temperature sensors for calibration, integration, and data fusion [35]. Some of the

previous work is discussed and summarised below.

1.5.1 Temperature measurement in deionized water.

In 2010, Alzebda et al. developed a method for using air ultrasonic transducers to transmit
ultrasound through a liquid to estimate its temperature. The two transducers were placed at a
fixed distance in a deionised water tank, facing each other. An amplifier was used to compen-
sate for the loop losses and maintain sustained oscillations. A phase shifter was also incorpo-
rated for calibration, and a bandpass filter was used to select the desired resonance. The output
frequency depended on the propagation delay of ultrasonic waves between the transducers,
which, in turn, depended on the temperature of the liquid medium. The temperature estimation
was based on the several frequency resonances in the liquid instead of a single resonance in the
air. A sensitivity of around 280 Hz/K at 26 to 32°C was achieved with reasonable consistency
[36]. The sensitivity of a system or sensor is defined as the degree to which its output varies in
response to a change in an input variable. In the context of this study, the sensitivity is quanti-
fied as 280 Hz/K, where Hz (hertz) denotes a unit of frequency and K (kelvin) represents a unit
of temperature. This implies that for each 1 K increase in temperature, the system's frequency
output changes by 280 Hz. To further illustrate the sensitivity, consider the temperature range
from 26°C to 32°C, which encompasses a span of 6°C. Given that the temperature difference
in °C is numerically equivalent to the difference in K, the sensitivity of 280 Hz/K allows us to

calculate the corresponding frequency change over this range by applying the Equation (1.2).
Frequency Change=Sensitivityx Temperature Range Equation (1.2)
Frequency Change=280Hz/Kx6K=1680Hz

So, the frequency would change by 1680 Hz over the temperature range of 26°C to 32°C.
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This sensitivity means that within this specific temperature range, a relatively small tempera-
ture change can cause a significant change in frequency, which could be crucial for applications
requiring high precision. Was achieved with reasonable consistency.

The study used low-cost encapsulated ultrasonic transducers. The fast response time was ob-
tained when the temperature was averaged across a path between sensors rather than at a single
isolated point. Figure 1.8 shows the block diagram for the sensor developed by the authors.

Microcontroller
Input Select Control
I Counter ] [ Digital VO ] [ SPI ]
| [T 1 I

1 >4 ’ A
Phase 2
Shifter < BPF —Q—l Ampiifier

t I ~ 1

Figure 1.8 Block diagram of the developed sensor (1 — plastic vessel, 2 — aluminium plate, 3 — threaded steel rods, 4 — plastic tube to

direct a transducer ,5- nylon tube to isolate the side and back of the transducer from the test medium.) [36].

1.5.2 Ultrasonic temperature measurements in aqueous solutions

In 2011, Afaneh et al. achieved a sensitivity of approximately 40 Hz/K at an operating fre-
quency of roughly 25 kHz and a distance of 190 mm. The sensor circuit generated oscillations
at the frequency where the overall gain exceeded one, and the total phase shift equalled 360-.
Measuring the frequency was relatively straightforward compared to measuring the phase shift,
as the output pulses could be counted over a defined time. Using a set time of 1 second, the
frequency measurement resolution was 1 Hz, which was well below 0.01% for ultrasonic fre-
quencies. The sensor is advantageous due to the low cost of the transducer and supporting
electronics (around $20). However, improvements to the transducer were required to provide

accurate readings across a wider temperature range [37].

The measurement results indicate that the velocity of ultrasound in the aqueous solutions used

differed from the velocity in seawater with the same salinity and temperature. This suggests
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that ultrasonic measurements have the potential to distinguish between similar chemical sub-
stances if they are maintained at the same temperature. Figure 1.9 shows schematic of the ex-
perimental setup

dosing PC1
unit control —
pH-meter—{F |
PC2

ultrasonic E
instrument

Figure 1.9: Schematic of the experimental setup (1 — magnetic stirrer, 2 — test solution, 3 — ultrasonic probe, 4 — temperature probe, 5

— pH probe, 6 — a tip of the dosing unit, 7 — dosing unit) [37].

1.5.3 Ultrasonic Temperature Measurements in Water

In 2019, Hashmi et al. utilised narrowband piezo transducers in the form of ultrasonic UOTS
to measure water temperature in an ultrasonic calorimeter. The cylindrical experimental vessel
was equipped with three sets of sensors: two conventional sets at the cylinder's ends and one
set of UOTSes in the centre. The vessel could hold over 3.0 kg of water, which acted as a
thermal buffer to prevent sudden temperature changes around the sensors. The experimental
setup was placed inside a thermal chamber and heated, leading to an increase in the vessel's
temperature. After being heated for some time, the heater was turned off, and the vessel cooled
down gradually, returning to thermal equilibrium with the environment. The temperature and
UOTS readings reported as text strings were continuously recorded into separate files by the
host PC.

The UOTS was implemented by pairing one transducer with a modular ultrasonic driver con-
sisting of two modules. The first module was responsible for amplifying and bandpass filtering
the loop signal. In contrast, the second module measured the (UOTS) output frequency and

communicated it to the host via a suitable USB interface. To measure the output frequency, an
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additional 10 MHz oven-controlled crystal oscillator (OCXO) was utilised as a reference fre-
quency due to its temperature tolerance and stability. Data fusion was performed by combining
readings from a conventional sensor with those from the(UOTS )to obtain temperature esti-
mates without the hysteresis inherent to piezoelectric materials. This approach improved reso-
lution and reduced response time compared to the conventional temperature sensor alone. It
overcame the dependence of (UOTS) readings on the sign of the temperature gradient[38] .Fig-
ure 1.10 shows full view and close-up photographs of the vessel with transducers [38].

Figure 1.10: Full view and close-up photographs of the vessel with transducers (1) Ultrasonic transducers, (2) Case less DS18B20, (3)
Encased DS18B20) [38]

1.5.4 Summary of previous developments in ultrasonic oscillating sensors

Previous experiments have been carried out to measure temperature of a liquid using UOT Ses.
In one such experiment, a transparent plastic tube was filled with water and placed inside a
thermostatic chamber. The experiment also revealed that the output frequencies of transducer
pairs placed at the same distance could be similar or different at different stages of the
temperature-changing process. This inconsistency was attributed to thermal hysteresis, which

is common in piezoelectric devices.

Attempts have been made to overcome hysteresis by adjusting the parameters based on the
current output frequency to maintain the use of ultrasound data. Hysteresis refers to a
phenomenon in which the output of a system is contingent not only on its current input but also
on its historical states. In other words, the system exhibits lag or path-dependent behaviour,
wherein its present state is influenced by its previous conditions. Hysteresis is commonly
observed in dynamic systems, including ultrasound, where it may manifest as a delay or lag in

the response of a system parameter such as output frequency—to variations in an input
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parameter. This temporal lag can result in the system behaving differently depending on
whether the input is increasing or decreasing, leading to loop-like behaviour in input-output
plots.

The presence of hysteresis in ultrasound data systems poses significant challenges, particularly
in applications demanding high precision. However, by identifying the sources of hysteresis
and implementing strategies such as dynamic parameter adjustment, algorithmic
compensation, feedback loop tuning, temperature compensation, and meticulous material
selection, it is possible to mitigate its adverse effects. These interventions help ensure that the
system maintains the desired output frequency and produces accurate and reliable ultrasound
data, even under conditions that would typically induce hysteresis.

Hysteresis is thus a critical concept in the study of systems where history and path dependence
play a pivotal role in determining both current and future states [39].

During the plastic tube use, eight conventional DS18B20 sensors were also installed in the
thermostatic chamber. The temperature profile for the experiment consisted of two intervals
with increasing temperature, each followed by an interval with decreasing temperature. In
another experiment designed purely for temperature measurement, oscillating ultrasonic
sensors were found to have less variation in tilt measurement compared to a commercially
available industrial accelerometer The test involved placing two coaxial ultrasonic transducers
in water, with half of their front faces covered, and driving them using electronics assembled
on a custom PCB [36].

Additional experiments were performed at low tilts, which indicated that an industrial tilt
sensor, previously used as a reference sensor, had a limited output change sensitivity near the
level position, whereas the frequency of the oscillating ultrasonic sensor still varied. Another
research study employed a continuous wave ultrasonic (CWU) device with frequency output

to conduct submerged sensor tests for high-resolution liquid temperature measurements [36].

The researchers later decided to use the (CWU) electronic driver alone to measure the output
frequency. They conducted a feasibility study on using a(CWU) oscillator to measure low-
frequency tilt inputs with high resolution. Their test cell, electronic instrumentation, and test
rig allowed for stand-alone and comparative measurements within the -5°...+5° tilt range.
Results from an experimental comparison with an industrial tilt sensor showed a smaller output
scatter for the (CWU) oscillator. However, this may have been influenced by the adopted time

base inherent to the frequency measurement procedure.
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Nevertheless, the (CWU) oscillator demonstrated the ability to measure angles with a
resolution below one minute and a capture rate above 150 Hz. How the resonant frequency of
the water mass affects the device's frequency response remains to be determined [36]. Table

1.2 provides a summary of previous developments in ultrasonic oscillating sensors.
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Table 1.2: Summary of Previous Developments in ultrasonic oscillating sensors.
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Paper medium | Application Arrangement Apparatus Temperature Estimation The result
Afaneh,et | Aqueous | Pulse-echo A controlled temperature tank M Via the delay of the propaga- Measured fast changes over con-
al. 2011 solutions filled with a solution of interest jl tion of the acoustic wave ventional sensors
and dipstick probe of 20 MHz i through the medium
ultrasonic transducer with a de- :
signed reflector. ‘ = = ;
Alzebda., | Deion- Through To modify inexpensive narrow- .. === | The generated output fre- A sensitivity of 280 Hz/K at 26 -
etal 2010 | ised Wa- | transmission band transducers designed for T Tk quency depends on the delay 32°C.
ter (pulse opera- | operation in air they were held of the ultrasonic waves be-
tion) in a tank. tween the transducers.
Several frequency resonances in
The test cell was complemented liquids instead of the single reso-
by an amplifier microcontroller, nance in air achieved.
phase shifter and bandpass fil- T T
ter.
Afaneh,et | Aqueous | Through Similar to exp.2 The circuit pro- The phase shift of the wave Worked between 20 -35°C with a
al. 2011 solution transmission duces oscillations at the fre- . — propagated through the me- sensitivity 280 Hz/K at 328 kHz
of continuous | quency where the overall gain i : dium was measured instead of | frequency.
wave exceeds 1, and the overall phase : f E . ﬁ pulse delay.
shift equals to 360-. R
1 Ambiguous output of the sensors
Resonances at 25 kHz fre- because two resonances instead of
Sensitivity of about 40 Hz/K at quency was chosen for good one for the transducers used.
the distance of 190 mm and the temperature resolution.
operating frequency of about 25
kHz.
Hashmi., | water Narrowband The experimental water filled . “ % / Due uneven temperature dis- The data fusion increases temper-
etal 2019 piezo trans- | vessel with 2 conventional tem- ¥ ~ | tribution inside the tube, the ature resolution and decreases re-
ducers perature sensors, and 1 USOTS \\\ o ‘L 4 \‘ sensors reading were inte- sponse time.
(UOTS) set. i | grated.

Averaging the temperatures
across the sensor array was
done. (STDs) were computed

for each sensor.

Overcome dependence of UOTS
readings on the ultrasonic path

length
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1.5.5 Utilisation of UOTSes for this study

This study aims to develop an ultrasonic sensor for measuring aggregate temperature in resi-
dential settings. While previous projects have focused on submerged ultrasonic sensors in lig-
uid media, this sensor will be used in the air. An electronic driver with MCU control will be
designed, and the entire operation process of the developed ultrasonic temperature sensor will

be tested in various real-world scenarios against conventional temperature sensors.

1.6 Why using UOTSes in air

The cost of maintaining comfortable indoor temperatures in modern buildings is high and con-
tributes to greenhouse gas emissions. In the US, for instance, 38% of residential greenhouse
gas emissions are attributed to heating and cooling rooms, while the UK estimates that 19% of
its greenhouse gas emissions result from warming up indoor spaces. Temperature Sensors Mar-
ket size, share, and trends 2024 to 2034. The global temperature sensors market size was esti-
mated at USD 9.1 billion in 2022 and is projected to be worth around USD 18.15 billion by
2032, registering a CAGR of 7.20% during the forecast period from 2023 to 203[40].

Moreover, the distribution of air temperature within a room can be uneven, necessitating the
use of several conventional temperature sensors for optimal and eco-friendly temperature con-
trol that prioritises environmental comfort. Ultrasonic oscillating temperature sensors (UOTSS)
have the capability to measure temperature almost instantly across the entire ultrasonic path-
ways [2], making them a promising candidate to replace conventional temperature sensors for
indoor climate control purposes. This research introduces a newly developed air UOTS and
provides experimental findings on its response to air temperature step changes while concur-

rently recording the responses of AHT20 and BMP280 conventional air temperature sensors.

1.7 Outcomes for the present research

To make ultrasonic thermometers more widely used, their cost must be reduced. This can be
achieved using low-cost ultrasonic transducers that are mass-produced and have a narrow fre-
quency range. The introduction of ultrasonic oscillating temperature sensors (UOTSS) in the
2010s demonstrated that ultrasonic temperature sensor components could be reduced to below
£20 [41]. Additionally, (UOTSs) have an advantage over other electronic architectures that use
narrowband ultrasonic wave transducers because of their simplicity due to their self-sustaining
oscillator operating principle [42]. Initially, testing took place within the controlled confines of

a laboratory, where baseline data was forged, and the technology itself was tested. This phase
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focused on crafting prototypes and gathering the vital data needed. Looking ahead, the tech-
nology may be tested in real residential homes.

1.7.1 Motivation

Highly accurate temperature measurement is essential for various applications, including esti-
mating the power loss of electric motors, aircraft, and spaceship engines, as well as determining
the energy released through waste burning. However, devices offering accuracy better than
+0.15 K are often prohibitively expensive. This disparity underscores the imperative need for
the development of a low-cost yet precise temperature measurement device. Low-frequency
and low-intensity oscillating ultrasonic sensors, coupled with additional data processing and
calibration, hold the potential to attain high accuracy at a substantially reduced cost.

1.7.2 Aims and objectives.

This research aims to develop, fully prototype, and verify an ultrasonic sensor for measuring

aggregate temperature in dwellings (residential buildings). The aim is to be achieved by com-

pleting the following objectives:
1. Develop a test rig for the oscillating temperature sensors that can be isolated from any air

movement inside the room to fully develop the electronics and characterise the sensor,
equipped with calibrated conventional temperature sensors placed along the ultrasonic path-

way.

2. Designing an electronic driver with (MCU )control and frequency reporting and a suitable

low-cost frequency reference oscillator.
3. Verify the operation of the developed sensor against conventional temperature sensors.
4. Testing operation of the developed sensor for various distances.

Regarding the development of a test rig that isolates the sensors from air movement, while this
setup may seem ideal for refining the sensor's functionality, it might not fully represent typical
residential conditions. However, it is realistic for the developmental stage of the project. Iso-
lating the sensors in this manner ensures that environmental factors like drafts or ventilation
systems do not interfere with the sensor’s performance. Once the sensors are calibrated and
optimized in the lab, they can be tested in real-world settings, where additional factors such as

air movement and varying humidity levels can be accounted for.
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Therefore, while the test rig offers controlled conditions that may not entirely reflect the real-
life environment, it serves a crucial role in the sensor development process. This setup ensures
that the core technology is sound before field-testing the sensors in more dynamic and uncon-

trolled residential environments.

1.8 Novel Contributions to Future Research Developments in (UOTYS)

During this research and through several experiments conducted, certain limitations require
addressing in future work concerning the measurement of air temperature using an ultrasonic

oscillating temperature sensor for operation in the air.

1-Verify performance of an UOTS in a temperature-controlled chamber that will also enable

more comprehensive study of hysteresis in the output frequency.

2- Verify performance of an UOTS against an array of conventional temperature sensors, in-
dependently measuring air temperature along the complete ultrasonic pathway.

3-Extend the distance between the transducers in order to achieve operation at the distance of

several meters that is typical for residential buildings.

4-Establish convenient and unobtrusive ways of commissioning an UOTS into a residential

environment.

1.9 Structure of the thesis.

This chapter introduces conventional and ultrasonic technologies used for measuring tempera-
ture, providing an overview of their background and historical development. Various types of
temperature sensors, encompassing both conventional and, notably, ultrasonic sensing devices,
are briefly examined and contrasted. The Oscillating Ultrasonic Temperature Sensor (UOTS)
is introduced. Additionally, ultrasonic oscillating sensors employed in prior research projects
are discussed. The project's aims and objectives are further discussed in the concluding section

of this chapter.

Chapter 2 focuses on and underscores the potential for achieving consistent relative measure-
ments despite challenges in absolute accuracy. Placing sensors within a standardized enclosure
with limited air volume can lead to closer-than-anticipated readings, with sensor biases ad-
dressed during subsequent processing. Two experiments are being conducted: one utilizes
Pt100 RTD and DS18B20 sensors, chosen for their prevalence in the industry and networking
capabilities, respectively, while the other employs BMP280 and AHT20 sensors on a board
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with solid thermal contact. These experiments comprehensively evaluate the suitability, relia-
bility, networking convenience, and cost-effectiveness of conventional temperature sensors for

the present study.

Chapter 3 introduces the design and testing of the supporting electronics necessary to
operate the ultrasonic oscillating temperature sensor (UOTS) system. The chapter briefly over-
views constructing an ultrasonic driver circuit and outlines the system requirements. The re-
search focuses on frequency measurement, which is crucial for developing UOTS, as their out-
put frequency changes with the sensed temperature. Different methods for frequency measure-
ment using MCUSs' built-in timers are explored. Various techniques leverage the timer periph-
erals of modern MCUs to continuously and accurately measure the output frequency of UOTS

Lastly, a low-cost and reasonably accurate frequency meter is being devised, complemented

by the appropriate selection of the clocking reference.

Chapter 4 delineates various approaches for recording experimental temperature data
from a conventional temperature sensor and a UOTS across three distinct scenarios: rapid heat-
ing of air within an enclosure, long-term monitoring of air temperature inside an enclosure, and
long-term monitoring of air temperature in an open-plan office. The UOTS output frequency
is measured across two specific intervals: 0.1 seconds and 6.25 milliseconds. Finally, the com-
parison between the conventional sensor and UOTS output frequencies is conducted at 150
mm, revealing that the UOTS offers faster response to temperature changes whilst ensuring

capture of the same temperature profiles over long time as the conventional reference sensors.

Chapter 5 details the methods used to record experimental temperature data froma con-
ventional temperature sensor and a (UOTS) in two scenarios: long-term monitoring of air tem-
perature inside an enclosure and long-term monitoring of air temperature in an open-plan of-
fice. The UOTS output frequency is measured at 6.25 milliseconds. The comparison of the
conventional sensor and UOTS output frequencies is being conducted over 300 mm and 500

mm, with the outcomes being broadly in line with these observed at the smaller distance.

Chapter 6 implements various scenarios to measure temperature within controlled and
open environments at a distance of 920 mm between the transducers. Conducting experiments
outside the box in an open office aims to replicate an uncontrolled environment. These condi-
tions are systematically applied across extended time intervals. The other scenarios imple-

mented in this chapter include the rapid and slow heating tests. The rapid heating test utilizes
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a hair dryer for forced convection, creating dynamic airflow that rapidly increases the temper-
ature within the enclosure. Heat conduction is the primary mechanism in the slow heating test,
involving a soldering iron, and is complemented by forced and natural convection. The inter-
play of these mechanisms influences the overall heat transfer, providing insights for tailored
thermal processes.

Chapter 7 offers a comprehensive summary of the findings from the preceding chapters and
provides insights into the system's performance. An overarching project summary is included,
focusing on the significance of cost in deploying a UOTS and the study's objective to assess
temperatures ultrasonically at the lowest feasible expense. Additionally, recommendations for
potential future advancements in this field are discussed.
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Chapter 2 : Instrumentation and procedures for

logging frequency reported by the UOTS

This chapter will describe components for operating an UOTS and measuring its output fre-
quency. The general procedure of most of the experiments will be outlined. Any methodology
specific to individual chapters will be discussed there.

2.1 Ultrasonic transducers

2.1.1 Introduction

Typically, ultrasonic transducers comprise both a transmitter and a receiver, with their perfor-
mance varying based on temporal and spatial factors. Over time, ultrasonic transducers change
in response due to ageing. Thus, different types of ultrasonic transducers are available to suit
varying levels of accuracy and application needs [43].

One significant advantage of ultrasonic transducers is their ability to operate in harsh environ-
ments, surpassing the capabilities of other measurement methods. Moreover, ultrasonic sensors
are relatively inexpensive compared to their competitors. Research has also found that ultra-
sound can provide more accurate data than conventional thermometers These sensors can mon-
itor several parameters, such as viscosity, displacement, density, and temperature [44].

Figure 2.1 below illustrates an ultrasonic transducer.
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Figure 2.1: Ultrasonic Transducer [44]

2.1.2 Working principle of an ultrasonic Transducer

An ultrasonic transducer operates within a specific frequency range and generates a sound wave

by applying an electrical signal. As the sound waves propagate, they bounce off any obstacles
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encountered, and the echo information is reflected to the transducer. The transducer then con-
verts this echo into an electrical signal at its output.

The time taken for the sound wave to travel and the echo signal to return is measured by the
transducer, determining the distance of the obstacle from the sensor. Ultrasonic sensors emit
pulses with a frequency of 40 kHz and are highly advantageous compared to infrared sensors
as they are not affected by smoke, dark materials, and other environmental factors. Further-
more, they can reduce background noise, making them highly desirable [45].

Figure 2.1 below Working principle of ultrasonic transducer.
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Figure 2.1: Working principle of ultrasonic transducer.

Ultrasonic transducers can be used to measure distance to remote objects using ultrasonic

waves. The distance can be calculated using the equation 2.1

D=%*T*C (2.1)

where D indicates the distance, T shows the time difference between the sending and reception

of ultrasonic waves, and C indicates the speed of sound.

1.2.3 Ultrasonic Transducer Types

The development and fabrication of ultrasonic transducers are tailored to meet specific appli-
cation requirements. The selection of the appropriate transducer is crucial to ensure accurate
ultrasonic measurement. Ultrasonic transducers are available in various types to suit different

needs.

a. Piezoelectric transducers: These transducers use the piezoelectric effect to convert elec-
trical energy into mechanical energy (ultrasonic waves) and vice versa. They are com-

monly used for both transmitting and receiving ultrasonic waves.
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b. Magnetostrictive transducers: These transducers use the magneto-strictive effect to
convert electrical energy into mechanical energy (ultrasonic waves) and vice versa.

They are typically used for high-power ultrasonic applications.

c. Electrostatic transducers: These transducers use the electrostatic effect to convert elec-
trical energy into mechanical energy (ultrasonic waves) and vice versa. They are less

commonly used in ultrasonic applications due to their relatively low efficiency.

d. Electromagnetic transducers: These transducers use the electromagnetic effect to con-
vert electrical energy into mechanical energy (ultrasonic waves) and vice versa. These

are also less commonly used.

€. Laser-based transducers: These transducers use laser beams to generate ultrasonic
waves. They are used in non-destructive testing, medical imaging, and industrial meas-
urements. Depending on the needed range, various temperature sensors (or transducers)

are utilised.

2.2 Operational Amplifier

"Op-amp" is a shortened form of "Operational Amplifier,” which refers to a DC-coupled, high-
gain electronic voltage amplifier with a differential input and a single-ended output. Typically,
the voltage differential between an op-amp's input terminals and the output voltage is hundreds

of thousands of times higher.

Op-amps serve as fundamental building blocks for circuit design as the characteristics of a
circuit containing one are determined by external components. This makes op-amps less sus-
ceptible to temperature changes or manufacturing variances. Operational amplifiers are con-
sidered one of the most valuable and significant components of analog electronics, and they

are commonly found in scientific, industrial, and consumer products.

2.2.1 Working principle of an Operational Amplifier

An operational amplifier, commonly called an OP, OPA, or OPAMP, is a voltage amplifier
with a single-ended output and a differential-mode input that is DC-coupled. Its name origi-
nated from its primary use in arithmetic circuits such as adders and multiplyers. Several fea-
tures are necessary to meet ideal op-amp characteristics, including infinite input impedance,

zero output impedance, infinite open-loop gain, and infinite standard bandwidth.
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2.2.2. IMCP6022 - Rail-to-Rail Input/Output Op Amps

The MCP6022 is an operational amplifier (Op Amp) with rail-to-rail input/output and a gain-
bandwidth product of 10MHz. It has a low operating current of 1.0mA and an offset voltage of
less than 0.5mV. This Op-Amp utilizes Microchip's advanced (CMOS) technology, which pro-

vides high-speed operation, rail-to-rail output swing, high open-loop gain, and low bias current.

The MCP6022 is suitable for various applications requiring low or battery power. It is also

ideal for low-end audio applications, portable equipment, data-gathering, and test equipment.
With the supply voltage as low as 2.5V, the MCP6022 can operate using less than 1.35mA of

quiescent current per amplifier.

MCP6022

Vourn (1~ [8]Vop
Vina-[2 7]Vouts

Vina* 3. 6]Ving-
Vss[4] 5]Ving*

Figure 2.2:Microchip MCP6022 temperature sensor.

Features:

Rail-to-Rail Input/Output

Wide Bandwidth 10MHz (typical)

Low Noise 8.7n0V/VHz at 10kHz (typical)
Low Offset Voltage

Temperature Range

Industrial -40°C to +85°C

Extended -40°C to +125°C
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2.3 Frequency counter PLJ-8LED-C

The main purpose of the 8-digit, cost-effective PLJ-8LED-C module is to display the operating
frequency in a radio transceiver and other communication devices. Additionally, it can be ap-
plied to regular frequency measurements. The module provides low-cost, reliable, high-perfor-

mance operation with a small, clear display.
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Figure 2.3: 8-Digit LED Frequency Counter Module Model PLJ-8LED-C

The main features:

a. Microchip PIC16F648A forms the core of the 2.4GHz frequency meter.

b. Frequency reference using a temperature-compensated voltage-controlled crystal oscil-
lator (2.5 ppm VC-TCXO).

c. Unique gate control with precise time algorithm (No timer interrupt).

d. Gate (display refresh) times include 0.01, 0.1 and 1.0 seconds to allow a real-time fre-

quency display.

2.3.1 Measuring Frequencies

Frequency measures the number of occurrences of a repeating event per unit of time. It is com-
monly measured in Hertz (Hz), the number of occurrences per second. For example, a fre-
quency of 20 Hz means an event occurs 20 times per second. Frequencies can be measured
using a frequency meter, a standalone instrument or a function built into other equipment, such
as an oscilloscope or a multimeter. The RF IN (signal input) port needs to be wired up with the
signal that will be monitored. This signal input can be connected to several test points or the
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local oscillator output of a transceiver. The Light Emitting Diodes(LED) display will show the

frequency in real time once connected.

The high-impedance input design lessens the counter's load on the transceiver's local oscillator
circuit. The signal being monitored, though, needs to be higher than 60mVpp. For instance, the
oscillator signal from the popular NE602/NE612 is weak, which may prevent the counter from
obtaining a consistent frequency value. A signal amplitude of 59 mVpp is deemed insufficient
as it is slightly below the critical threshold of 60 mVpp, which is necessary for reliable opera-
tion. Such a marginally deficient signal will likely cause inconsistent readings due to its prox-
imity to the operational limit. Signals with significantly lower amplitudes, such as one mVpp,
would be even more problematic, rendering the frequency counter unable to produce stable
frequency measurements. In this context, any signal with an amplitude below 60 mVpp can be
classified as "weak," with the probability of operational failure escalating as the signal ampli-
tude diminishes further below this threshold. For the frequency counter to function correctly,
the input signal must exceed the 60 mVpp requirement.

2.4 Cardboard Thermal Testing Enclosure.:

A cardboard thermal testing enclosure was used to house the temperature sensors in a confined
space. It has a length of 1700mm, width of 280mm and height of 195mm. We utilised a do-
mestic hair dryer rated at 2kW to quickly heat up the air inside the enclosure as shown in Fig
(2.5).

195mm

Figure 2.4: Cardboard enclosure.
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Contact Name: . . .
All Dimensions quoted are internal & are

Contact Number: shown as - Length x Width x Height.
Contact Email:
Qty Required Product Code Product Description Unit Price £ Net £
1.00 7000 1100mm x 250 x 250 0201 DW INC DELIV 28.000000 28.00

Sales Order Tax Breakdown: Tax Rate Total Net Total Tax
20.00% 28.00 5.60

2.5 USB Oscilloscope Instrustar ISDS 205

The 1SDS205 digital oscilloscope is a dual-channel device designed to achieve high perfor-
mance at an affordable price. It boasts a well-designed bandwidth of 16 MHz and a sampling
rate of 48 MHz, with two channels that support X-T and XY alternating patterns for the virtual
oscilloscope. Additionally, it includes a spectrum analyser and data recorder. Oscilloscopes are
vital to testing and measuring equipment in laboratory settings, as they allow for the display,
recording, and analysis of voltage waveforms, typically in the time domain. The IN-
STRUSTAR ISD205 is a portable USB oscilloscope that can be used for various applications,
including electronics testing, automotive diagnostics, and educational purposes. Other notable
features of this device include automatic measurements and a built-in function generator. The
device can be powered via a USB connection and comes with software for both Windows and
Mac operating systems. The spectrum analyzer feature of the INSTRUSTAR 1SDS205 was
employed to analyze the frequency components of the signals under measurement. This tool
proved particularly effective in identifying and isolating noise or interference within specific
frequency ranges, which was essential for fine-tuning and optimizing the signal integrity of the
system under investigation. Utilizing the spectrum analyzer allowed for the visualization of the
distribution of signal power across various frequencies, thereby enabling the detection and mit-

igation of unwanted frequency components that could potentially impact overall performance.
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Figure 2.5: USB Oscilloscope INSTRUSTAR 1SDS205

2.6 Comparing UOTS responsiveness with that of the conventional tem-
perature sensors

26.1 Materials & Methods

The UOTS utilizes a pair of ultrasonic transducers and an electronic driver, which includes a
dual operational amplifier (OpAmp) MCP6022, as shown in Figure 2.6. The opAmp has two
buffers: buffer U1 amplifies the signal, while buffer U2 is for the eight-digit frequency counter
PLJ-8LED-C. Additionally, resistances and capacitors are used in the UOTS setup.
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Figure 2.6: Schematic diagram of the electronic driver.
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Conventional temperature sensors AHT20 and BMP280 were connected to an 12C interface on
a Seeedstudio Xiao microcontroller board mounted on the same circuit board to measure air
temperature. The setup also included a 40 kHz air ultrasound transducer that was attached to a

standard 20 x 20 aluminium profile at 125 mm using Munsen rings, as shown in Figure 2.7.

Figure 2.7: Fixture for ultrasonic transducers.

A USB power bank was used as a button to start/ stop the oscillating readings and record data
to an SD card. A domestic hair dryer rated at 2 kW was used for temperature step changes, and
a cardboard enclosure to house the temperature sensors in a confined space

Figure 2.8

Figure 2.8: A domestic hair dryer used for preferred change temperature steps.

Finally, a power supply to provide DC voltage and an INSTRUSTAR ISD205 oscilloscope
were used to show waveforms. The temperature measurement setup in operation is shown in (
Figure 2.9).
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Figure 2.9: The UOTS in operation.

2.6.2. Experimental setup and procedure:

The experimental setup was placed inside a cardboard thermal testing enclosure. It contained
the conventional temperature sensors, a UOTS to measure air temperature; an Seeeduino Xiao
was used to measure the temperature of conventional sensors. The hairdryer provided step
changes in temperature. The air temperature was measured using conventional temperature
sensors AHT20 and BMP280 mounted on the same circuit board. The board was connected via
an 12C interface to a Seeeduino Xiao [46] with an expansion board and a USB power bank, as

illustrated in Figure 2.10.
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Figure 2.10: Temperature measurement setup with conventional air temperature sensors AHT20 and BMP280.
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The steps of the experiment are as follows:

a.

b.

A stopwatch was set for 15 minutes.

The readings of the conventional temperature sensors started after the power bank was

switched on and were recorded to a secure digital (SD) card every second.

After 3 minutes, the video recording starts, and a cell phone facing frequency meter to

record the displayed UOTS frequency every 1 sec.

After 15 seconds passed, the hairdryer switched on for 4 seconds. The first jump was

completed, followed by a one-minute wait.
The hair dryer was switched on remotely for 6 seconds for a second jump.

One minute of waiting after the hairdryer switched off. Then, the video recording turned
off.

After 10 minutes, the hairdryer switched off. Up to this point, the hairdryer was

switched on two times.

Data was transferred from the SD card to a personal computer. The transfer of data
from the SD card to the personal computer was performed manually. This process in-
volved physically removing the SD card from the device and inserting it into a card
reader connected to the computer. The data was then copied from the SD card to the

computer’s storage through standard file transfer operations

Frequency meter recordings were transferred to a personal computer. Used pauses to

record changes in the measured frequency.

The average bias was calculated, and 1.48 °C was subtracted from the sensor's higher
readings BMP280.

All the data was imported into a spreadsheet, and relevant graphs were plotted.

2.6.3. Experimental results:

The experimental results, collected and processed following the procedures outlined in the pre-

vious section, are depicted in Figure 2.11.
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Graphs in Figure 2.11 from (C - E) present changes in the readings of both the conventional air
temperature sensors and the UOTS (less 38 kHz) for three distinct temperature step change

regions.

In each instance, readings increased rapidly until the hairdryer was turned off, after which they
returned to pre-step levels quickly for the UOTS but more slowly for the conventional air sen-
sors. On one occasion, the UOTS output frequency included a distinct single-point outlier
(Graph E, right). We verified this point multiple times and are confident the value shown on
the graph was recorded by the frequency counter. This anomaly could be an error (the only
error of the frequency counter) or a rollover of the output frequency of the UOTS as the would-

be oscillation frequency crossed over the passband of the closed signal loop.

The experimental results demonstrate that even properly thermally coupled conventional air
temperature sensors placed on the same circuit board can record varying values within a range
of —0.55 °C to +0.85 °C when air temperature changes rapidly. When the cause of the temper-
ature step change was removed, it took a considerable time for the readings to return to their
pre-step levels. In contrast, the UOTS readings increased sharply with a step change and de-

creased rapidly when the step change ended (Figure 2.11).
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Figure 2.11: Four temperature step changes recorded via the conventional air temperature sensors (A). Difference between readings
of the conventional air temperature sensors (B). Sensor readings for each second of the first step change (left: AHT20 and BMP280,
in centigrade; right: the UOTS, in Hz) (C). Sensor readings for each second of the second step change (left: AHT20 and BMP280, in
centigrade; right: the UOTS, in Hz) (D). Sensor readings for each second of the third and fourth step changes (left: AHT20 and
BMP280, in centigrade; right: the UOTS, in Hz) (E)
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To clarify how the Ultrasonic Oscillating Temperature Sensor (UOTS) was calibrated, the fol-

lowing detailed procedure was used:

Calibration Equipment: The calibration was conducted using a precision temperature bath or
a controlled temperature chamber equipped with a high-accuracy reference thermometer. This
ensures that the temperature at the sensor's location is well-defined and stable.

Sensor Placement: The UOTS was positioned within the temperature bath or cham-
ber, ensuring it was exposed to uniform temperature conditions. The sensor's place-
ment was checked to avoid any thermal gradients.

Data Collection: Temperature readings from both the UOTS and the reference thermometer
were recorded at each calibration point. Multiple readings were taken at each temperature to

account for any variability.

Data Analysis: The collected data were analysed to create a calibration curve or calibration
table. This involves plotting the sensor readings against the known reference temperatures and

fitting a curve to determine the sensor’s response characteristics.

This calibration process ensures that the UOTS provides accurate and reliable temperature

measurements by aligning its output with established temperature standards.

2.6.4. Conclusions

The experiment used appropriate equipment and experimental techniques to compare the re-
sponse times of two conventional air temperature sensors, AHT20 and BMP280, and a proto-
typed air UOTS. The experiment’s qualitative findings suggest that the UOTS can detect fluc-
tuations in ultrasonic velocity across the air pathway, influenced by temperature and humidity,
with a significantly faster response time. However, it is not possible to quantify this result
accurately using this setup. To achieve this, a frequency meter that can measure the input fre-
quency of the UOTS with high accuracy and at high resolution, recording values multiple times
per second, needs to be developed. This can be achieved by utilising a temperature-controlled
crystal oscillator to provide the reference frequency and a microcontroller with a capture
timer(s). Moreover, creating a measurement network that records temperatures across the com-

plete ultrasonic pathway is needed for calibrating the developed UOTS accurately.

The ultrasonic sensor is subjected to a controlled, stable temperature environment, during
which a reference sensor accurately measures the actual temperature, and the ultrasonic sensor

records a corresponding reading. The recorded time delay of the ultrasonic waves, which is
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affected by the temperature-dependent variation in the speed of sound, is captured by the ultra-
sonic sensor. The data collected through this process is utilized to generate a calibration curve
that delineates the relationship between the ultrasonic sensor's output and the reference sensor's
measured temperature. This calibration procedure ensures that the ultrasonic temperature sen-
sor is precisely calibrated, thereby enabling reliable temperature measurements in its intended

application.

2.7 Continuous rapid accurate measurement of the output frequency of

ultrasonic oscillating temperature sensors

2.7.1. Introduction

Ultrasonic oscillating temperature sensors (UOTSes) can sense the aggregate temperatures of
an entire room and respond to temperature changes within milliseconds [47]. However, meas-
uring their output frequency requires high accuracy and resolution (down to 0.01%) to realise
the potential advantages of UOTSes. Therefore, a robust, inexpensive, and convenient method
for widely measuring the output frequency is necessary to adopt these sensors. Different mi-
crocontrollers and methods for measuring frequency using built-in timers were evaluated. Di-

rect memory access (DMA) was eventually selected for this purpose.

Frequency control and measurement play a crucial role in various electrical and electronic en-
gineering areas, i.e., electricity networks and telecommunications. The significant advances in
the field are associated with the development of crystal oscillators and atomic clocks, which
enabled inexpensive but accurate oscillators and ultimate frequency accuracy and stability, re-
spectively. The availability of such oscillators allowed precise synchronisation of generating
electrical grids and high throughput communications. Interest in frequency measurement is
primarily related to the development of UOTSes as their output frequency changes with the
sensed temperature. Frequency measurement involves benchmarking the frequency in question
Fx against a reference one Fr. Well-established approaches involve using a gated counter con-
nected to both the clock sources ( Figure 2.12). If Fr
>> Fx, the Fx source enables the counter. Otherwise, the Enable input is connected to the source
of Fr.
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Figure 2.12: Gated counter for measuring frequency.

As these two clocks are generally not synchronised (i.e., derived from two different oscillators),
the Fx/Fr (or Fr/Fx) ratio is fractional. The counter produces an integer value, effectively cut-
ting off the fractional part of the ratio. The relative accuracy of frequency measurement can
thus be calculated as in equation 2.2

1

max (g—;,%) +1

Consequently, the higher the ratio between the frequencies, the higher the measurement accu-

e <

(2.2)

racy

Although various sensors vary their output frequency as the response to the sensed value ,
interest towards measuring the output sensor’s frequency is primarily related to the ultrasonic
oscillating temperature sensors (UOTSes) that can operate in various media UOTSes can op-
erate in liquids at the centre frequency of hundreds of kHz but require frequency measurement
with an accuracy of a few Hz [48]. Because of such a relatively high frequency of operation,
providing the Fr/Fx ratio in the order of 10,000 using an inexpensive reference oscillator is
very complicated, if possible. A better solution would be to employ several (rather than one)
gating pulses [49] Utilizing multiple gating pulses presents several significant advantages, in-
cluding improved noise reduction, heightened precision, enhanced reliability, and optimized
performance, particularly in complex or dynamic systems. These benefits render it a superior
methodology in various technical applications, contributing to more effective system operation

and increased accuracy as shown in Figure 2.13 .
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Figure 2.13: Waveforms illustrating various methods for frequency measurement waveforms.

If Fr > Fx (which holds for known UOTSes), the Fx pulses gate the counter that counts K2 Fr
pulses. (If Fr pulses are used to define the reference time interval Tr, the interval is used at the
Enable input of the counter, which counts K1 pulses of Fx. This mode was frequently employed
in frequency meters in the past. By making Tr proportional to 10 s, 1 s, 0.1 s, etc., it became
possible, by altering the position of the decimal point, to display the counter value as Fx di-
rectly.) If several UOTS pulses are used to gate the counter, the latter ends up with a consider-
ably higher reading K3 (shown for the number of gating pulses N=2 in equation 3.2), which

increases the frequency measurement accuracy accordingly:

1

N *max(%,%) +1

e <

= (2.3)

This measurement scheme was successfully implemented by using discreet logic [5] and inte-
grated circuits with proprietary architecture (namely, Programmable Systems on Chip PSOC-
1 [48]. As tried using conventional microcontrollers (MCUS) in air UOTS design, various ways
of using built-in MCU timers to measure the output frequency were compared. An
STM32G474 MCU was used in our experiments because of our familiarity with this series, but

the results apply to other (MCUs).

2.7.2. Different methods for frequency measurement using MCUs’ built-in

timers.

An MCU timer can be used for frequency measurement directly in its Capture mode, which
operates similarly to the gated counter. Fr, usually generated internally, is supplied to the
timer’s clock input, and Fx, acting as the gating signal, is supplied to the Capture pin. The timer

counts the clock pulses between the two consecutive edges of Fx. It then typically generates an
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interrupt that allows the central processing unit (CPU) to process the captured count. Unfortu-
nately, typical MCU timers cannot keep counting for a few periods of Fx on their own.

Most MCUs feature multiple timers that can be combined a presents two timers that start count-
ing Fx and Fr pulses simultaneously. When TMR1 has counted to the chosen value of Fx pulses
N, it generates an interrupt, and MCU reads the accumulated value from TMR2. As responding
to interrupt and reading TMR2 takes some CPU cycles, the read value might become inaccu-

rate. Additionally, resetting the timers cannot be done synchronously, increasing measurement

errors.
compare compare compare
Fx IRQ Fx IRQ Fx IRQ
. TMR1 | o TMR1 [— » TMR1| > Fr , ctr
out out
F
00— | * L pmatl]-» RAM1}~|
enable enable
Fr Fr Fr
» TMR2 » TMR2 — TMR2 * DMA2 (—+ RAM2 |«
capture capture capture
(a) (b) (c) (d)

Figure 2.14: Measuring frequency using built-in timers (a — unlinked timers, b — externally linked timers, ¢ — internally connected
timers, timer in the DMA mode

Better accuracy can be achieved when the output of Fx-connected timer gates another timer for
external connection, suitable for most MCU timers, and for timers with internal synchronisa-
tion, available for STM32 MCUs [61]. This way, the TMR2 stops counting after the set number
of Fx pulses; thus, the MCU reads the accurate value. Unfortunately, the timers’ tandem cannot
operate for the following period of Fx because it takes MCU some time to read and store the
count. For this reason, it is impossible to get a continuous stream of the counted values, which

is desirable for UOTS measurements.

The CPU involvement can be avoided completely if the timer transfers counted values to the
MCU memory using direct memory access (DMA) mode d). In our development, we followed
a video walkthrough tutorial and relevant code to implement this mode of operation. Both ris-
ing and falling edges of Fx trigger the DMA transfers, and the CPU is notified by an interrupt
when the Fr count for each half-period of Fx is captured and transferred to the MCU memory
[50].

To verify the accuracy and convenience of this measurement arrangement, we used one STM32

timer (TMR2 in PWM mode) that generated 40 kHz Fx pulses from two primary oscillators —
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high-speed internal (HSI, RC-oscillator with accuracy and stability in the order of +1%) and
high-speed external (HSE). The HSE oscillator was connected to the 24 MHz crystal available
on the STM32 Nucleo-G474RE board, and its accuracy and stability were determined by the
crystal, typically in the order of £50 ppm. TMR3 was configured to operate in the DMA mode,
counting the Fr pulses from the Vectron C4550A1 oven-controlled oscillator (OCXO) with the
stability of 50 ppb [51], as shown in Figure 2.15.

16 MHz :
i . PLL 160 MHz | TMR2 40 kHz
24 MHz HSE T :
T - Fx
: TMR3 "'5
* Fr
OCX0
10 MHz

Figure 2.15: Frequency measurement verification setup.

The interrupt service routine counted the interrupts and flagged up when the data for a chosen
number of Fx pulses N were fully collected in the memory buffer. The individual half-period
counts were then averaged. A 100 ms delay was inserted before starting the following meas-
urement.

2.7.3. Experimental results

Fig.3.14 presents measurement results for both primary oscillators.
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Figure 2.16: Measured ratios Fr/Fx for 40 periods of Fx (100 ms delay between measurements)

As expected, Fx pulses derived from the HSI oscillator varied significantly compared to those
derived from the HSE oscillator. The graph of the HSI estimates resembles some noisy process.
In contrast, only three values were captured for the Fx pulses, derived from the HSE oscillator,
confirming its much higher stability. The graphical representation shows that HSI-derived
pulses appear noisy, while HSE-derived pulses are more consistent. Furthermore, the acquired
time series and recorded data were processed to calculate statistical parameters like mean and
variance, which are presented in Table 3.1. This table provides detailed statistical data con-
firming the observations about the stability and noise in the signals from the 24 MHz crystal
oscillator and the 16 MHz RC oscillator.

Processing of the acquired time series resulted in the numerical estimates of their statistical
Parameters. in Table 2.1 The data in the table clearly show that the 4000-period setting, pre-
sumably derived from the HSE oscillator, offers the highest stability with the least variability,
as evidenced by the very low standard deviation and Std ¢ / Mean ratio. The HSI oscillator,
with the 40-period setting, is the least stable, exhibiting a high standard deviation and a much

higher ppm value, indicating significant noise in the signal. The Crystal 24MHz clock source
at 40 Hz offers intermediate stability.

49



Table 2.1: Statistical parameters of the acquired time series

MCU clock Period | Mean Std o Min (Hz) | Max(Hz) | Stdo
source ac- (average) | Hz /mean
quired | Hz ppm
RC 16 MHz 40 249.8953 | 0.072212 | 249.5789 | 250.2105 1700
Crystal 40 250.0058 | 0.009815 250 250.0263 236
24MHz
4000 250.0060 | 0.000080 | 250.0056 | 250.0063 2

It can be seen that the standard deviation for the HSE-derived pulses, despite being much
smaller than that of the HSI-derived pulses, does not correspond well to the specified stability
of the crystal oscillators. This was due to the insufficient averages, and the experiment was
repeated with 4,000 averages instead of 40. The results confirmed that the moderate number of
standards could be inadequate when evaluating the scatter of high-quality frequency sources.
The HSI oscillator produces more variable and noisy signals compared to the HSE oscillator,
which generates more stable and consistent outputs, as confirmed by both graphical analysis

and statistical estimates

It can be seen that the standard deviation for the HSE-derived pulses, although much smaller
than that of the HSI-derived pulses, does not align well with the specified stability of the crystal
oscillators. This discrepancy was attributed to the initial use of insufficient averages. The ex-
periment was therefore repeated with 4,000 averages instead of 40. The results confirmed that
using a moderate number of standards might be inadequate when assessing the scatter of high-
quality frequency sources. Specifically, the standards in question—Ilikely calibration standards
or reference oscillators—were insufficient in number or scope to capture the full range of var-
iability in high-quality frequency sources. This inadequacy could be due to their limited preci-
sion, lack of coverage across the frequency range, or insufficient calibration accuracy. The time

series data acquired from this revised experiment is presented in Figure 2.18.
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The acquired time series is presented in Fig2.18 and features distinct values.

Figure 2.17: Measured ratios Fr/Fx for 4000 periods of Fx, derived from the 24 MHz crystal oscillator (100 ms delay between consec-

utive measurements).

2.7.3 Further enhancements to the procedure

In order to enhance the DMA frequency measurement process for measuring the UOTS output
frequency, the following modification was used: the DMA started asynchronously with the
UOTS output pulses at the notional frequency of 40 kHz, and the first reading needed to be
discarded. This resulted in a negligible error for the more significant number of periods used
(4,000 periods in the first experiment), but it was noticeable for the smaller number (250 peri-
ods in Experiment 2). For the 4,000-period measurement, the measurement time was around
0.1 s (4,000/40,000 Hz). The number of the counted 10 MHz clock pulses was approximately
1,000,000 (0.1 s * 10,000,000 Hz), resulting in a counting error of up to one pulse out of
1,000,000 or roughly 0.04 Hz frequency measurement error (40 kHz / 1,000,000). After each
measurement, there was a 0.1-second delay before the next measurement began. For the 250-
period measurement, each measurement was completed in 6.25 milliseconds (250/40 kHz). As
the clock frequency was set to 160 MHz this time, the counting accuracy of frequency meas-
urement was roughly the same as before, 0.04 Hz (40kHz/(6.25 ms*160 MHz)). The same 0.1-

second delay was applied after each measurement.

2.7.4. Conclusions

Various frequency measurement methods using timer peripherals of modern MCUs to contin-
uously and accurately measure the output frequency of UOTSes were compared. The required
accuracy can be achieved by counting the reference pulses during several periods of the fre-
guency source in question (40 periods were enough for a low-stability oscillator, but 4000 were

required to assess a high-stability one). This operation is not achievable using a conventional

51



MCU timer’s Capture mode, though, even when using two timers, a continuous stream of fre-
quency estimates is difficult to accomplish because the CPU needs to read the captured values
that should be frozen during this time and the timers are challenging to restart at the very same
time. Averaging was not the sole processing task undertaken. The CPU not only averaged the
captured data for the required pulses but also communicated the results in a dependent manner.
The communicated results indicate that the CPU likely performed additional processing steps
either before or after the averaging process. These steps may have included data filtering, con-
ditioning, error checking, or formatting the averaged data prior to communication. Moreover,
given the use of two distinct oscillators—one low-stability RC and one high-stability crystal—
for verification, it is plausible that calibration, compensation, or adjustment procedures were
implemented to address differences in oscillator stability. Consequently, the processing ex-
tended beyond mere averaging

These inconveniences can be mitigated by employing a timer in the DMA mode when the
captured values are stored in the MCU’s memory without any CPU intervention. The employed
STM32G474 MCU could capture values at every edge of the incoming pulses, enabling meas-
urement for every half period of these. The CPU averaged the captured data for the required
pulses and communicated the result dependently. The design was verified using two separate
oscillators: a low-stability RC one and a high-stability crystal oscillator. The obtained results
were as expected. As the reference pulses are captured for every half-period of the input fre-
quency, it becomes possible to provide a continuous stream of moving average estimates of the
output frequency of UOTSes. Achieving the required accuracy with a conventional crystal os-
cillator connected to an MCU’’s external high-speed oscillator seems feasible. As the derived
timer’s clock frequency can be in the order of 100 MHz, the acceptable number of input signal
periods should be in the order of ten. Therefore, a conventional MCU with external crystal
seems sufficient to enable continuous accurate moving average measurement of the output fre-

quency of UOT Ses.
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The complete experimental setup is presented in Figure 2.18.

Figure 2.18: The complete experimental setup (1 — ultrasonic transducers, 2 — Seeedstudio Xiao board with the temperature sensor
attached, 3 — power bank for the Xiao board, 4 — frequency meter, 5 — Instrustar oscilloscope, 6 — STM32G474 board, 7 — driver
assembled on a breadboard, 8 — decade resistor for setting up the driver’s gain)
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Chapter 3 : Instrumentation and procedures for
logging temperature reported by conventional

SeNnsors

This chapter will describe our experimental results to determine why the readings of different
temperature sensors might vary notably in air despite being placed nearby.

3.1 Thermal measurement using conventional temperature sensors.

3.1.1 Introduction

Although achieving absolute accuracy can be challenging, obtaining consistent relative meas-
urements by placing sensors inside a standard enclosure with limited air volume is possible. In
such circumstances, the readings from different sensors can be much closer than anticipated
based on the manufacturers’ specifications. Any biases among sensors can be eliminated during
subsequent processing. For example, in one experiment, the (Pt100 RTD) and the DS18B20
integrated circuit sensor were used. The former was chosen for its widespread use in the indus-
try, and the latter for its networking capabilities and our positive past experiences [2]. In an-
other experiment, two 12C combinational sensors (BMP280 and AHT20) were attached to an

unbranded board with good thermal contact.
3.2 Simultaneous temperature measurement using Pt100 and DS18B20 air-gapped sensors.

3.2.1 Experimental setup and procedure:

The sensors were positioned inside a small A cardboard thermal testing and covered with air
bubble packaging. The cardboard thermal testing was kept on the ground floor, away from
windows and direct sunlight. Despite measures taken to ensure that the sensors responded to
the same air temperature, including moving them closer to each other and adding layers of
cover, there was a notable bias of up to 0.5°C and a scatter of up to £0.2°C observed for more
than three months. The recorded readings and computed changes collected approximately
every 18 seconds over about three months sampling interval is selected to balance the need for

detailed data collection, error minimization, and consistency with previous experiments despite
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the gradual environmental changes. Collecting data at this interval results in a more compre-
hensive dataset, which is beneficial for identifying trends or patterns. Furthermore, maintaining
this interval ensures that any environmental changes can be directly compared to previous re-

sults, thereby preserving consistency and comparability, are shown in

Figure 3.1 The sensor values would be slightly skewed but generally follow each other, The
observed bias of up to 0.5°C can be attributed to several factors, including thermal interactions
between the sensors, insufficient ventilation within the test chamber, and the insulating prop-
erties of the cardboard thermal testing. Proximity between the sensors may lead to mutual ra-
diative and conductive heat exchange, thereby influencing each sensor’s readings. Further-
more, the addition of cover layers can trap heat, resulting in temperature gradients within the
chamber, which further exacerbate the observed bias. The scatter, measured at up to £0.2°C, is
likely due to minor fluctuations in ambient conditions, slight variations in sensor placement,
and inherent sensor noise. Over extended periods, these small variations can accumulate, con-
tributing to the observed scatter. The persistence of bias and scatter over a period exceeding
three months is likely related to the long-term stability testing of the sensors. Prolonged obser-
vation periods are essential for assessing the consistency and reliability of sensor data, ensuring
the sensors maintain their accuracy under varying conditions, including potential environmen-
tal changes or sensor drift. Testing over a period of three months allows for the detection of

any long-term trends or potential degradation in sensor performance.

as in previous trials using DS18B20 sensors in water [38]. However, the results were concern-
ing, given the resulting scatter. It was within the DS18B20 standards, but it was not possible

to isolate a single value of constant bias for the recorded dataset.

Regarding the recorded readings and computed changes collected every 18 seconds, | elabo-
rated on the sampling interval choice. While the environment may vary slowly, the 18-second
interval was selected to capture any subtle changes in the ultrasonic sensor's response. This
frequent sampling allows for more precise detection of gradual shifts in temperature or envi-
ronmental conditions, ensuring the data remains accurate over time. The relatively short sam-
pling interval provides a buffer to account for any unanticipated fluctuations in the environment

that might otherwise be missed with less frequent measurements.
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Figure 3.1: Temperature readings of Pt100 and DS18B20 sensors over three months.

On July 22, 2021, both sensors were placed in a plastic bag, and subsequent readings revealed
excellent agreement, with an average bias of just 0.05°C and most of the dispersion falling
within the range of +0.08°C. The last part of the experiment was encouraging, as it indicated
that the DS18B20 sensors could provide reasonably accurate readings of near-constant air tem-

peratures.

3.3 Simultaneous air temperature measurement using AHT20 and BMP280 sensors

mounted on the same board.

3.3.1 Introduction

This experiment was set to record the response to air temperature step changes and compare
the results reported by the conventional AHT20 and BMP280 air temperature sensors. In this
experiment, the air movement on the sensors and temperature readings from both sensors were

monitored.
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3.3.2 Experimental setup and procedure:

To conduct the experiment, the sensor board was paired with the Seeeduino Xiao, an Arduino-
compatible microcontroller module [44], and connected to an expansion board with an OLED
display, real-time clock, and SD card. The setup was placed on a computer table and monitored
until approximately 22:00, after which the room was left unoccupied until the following morn-
ing. The setup's operation remained unchanged during this time. For the second setup, the sen-
sor board was placed inside a plastic tube and covered with air bubble packaging material, and
the room was also left unoccupied. Figure 3.2 displays the recorded readings, the calculated
difference, and relevant photographs.
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Figure 3.2: Recorded temperatures for the sensor board placed on a computer table on two occasions

The findings indicate that one of the sensors consistently produced higher readings, with a
varying bias of around 1.25°C. When a person was nearby and working on a computer, spon-
taneous fluctuations of up to 1°C were detected, which were not observed at night when
changes were within 0.1°C. Placing the sensor board in a plastic container further reduced these

differences.

During the second experiment, the board was placed on a table where it would occasionally be
exposed to sunlight filtering through the backyard shrubbery. When the sun's rays were present,
they quickly heated the board, causing the bias to drop to 0.7°C, as illustrated in
Figure 3.3. The other sensors' readings lagged due to this drop, as the sensor with lower values

responded more rapidly.
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Figure 3.3: Temperatures recorded by the sensor board on a windowsill.

In the final experiment, the setup was situated inside a lengthy cardboard box with severely

restricted airflow. In this environment, the readings of both sensors remained almost constant,

fluctuating only within a range of £0.1°Cover 80 minutes and consistently tracking each other.

The calculated bias was highly stable, with a scatter of approximately £0.02°C, as shown in

Sensor AHT20 ------- Sensor BMP280------ Bais-----
Figure 3.4.
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Figure 3.4: Temperatures recorded by the sensor board placed inside a long cardboard box.

When exposed to stable temperatures and no air movement, the sensors can produce readings

very close to each other.

The experimental

Figure 3.5.

setup for
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collecting the temperature readings is presented in



Figure 3.5: Conventional temperature sensors AHT20, BMP280 and SD card adapter.

3.3.3 Conclusions

The findings of this experiment suggest that under stable temperature conditions with minimal
air movement, temperature sensors can provide highly consistent and accurate readings. The
close tracking between sensors and the minimal bias observed indicates that the sensors are
well-calibrated and capable of providing reliable measurements in stable environments. The
bias between the two sensors was calculated by comparing their readings directly, involving
the subtraction of one sensor’s readings from the others to determine the bias at each time point.
By processing the data in this manner, the experiment provided a comprehensive assessment
of'the sensors’ performance and reliability in a controlled environment. Overall, the experiment
demonstrated that the sensors are capable of producing closely aligned readings when environ-

mental conditions are controlled.

While achieving absolute accuracy may be challenging, relative measures can be relatively
consistent if the sensors are enclosed in a limited air volume. The readings from different sen-
sors may be closer than the manufacturers' specifications suggest, and any biases among sen-
sors can be eliminated through processing. However, even closely placed sensors can produce
significantly different readings if there are air movements. Quick temperature changes can re-

sult in substantial differences in sensor readings due to variations in response times.
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Chapter 4 : Experimentation at a small distance be-

tween the transducers (150 mm)

This chapter presents an experimental record of conventional temperature sensors and UOTS

when used inside an enclosure and an open-plan office over an extended period.

4.1 Experiments arrangement for 150 mm distance

In this chapter, two experiments were conducted at a 150 mm distance between the transducers.
The distance was selected as a carefully considered compromise, effectively balancing signal
integrity, practical feasibility, relevance to application scenarios, and the capabilities of the
experimental setup. The first experiment was conducted at the frequency measurement interval
of 0.1 s, and the second experiment was conducted at the interval of 6.25 ms. With every
interval, three distinct sets of arrangement were applied. The arrangements for the total exper-

iments performed in this Chapter are demonstrated in Figure 4.1.

=) (] i_l
a (Ultrasonic Transducers\ Rapi .
3 v apid heating test
Rapid heating test
Timer Timer
<5
g
Transmitter Receiver Inside the box
Inside the box \I —A50mm Ij
R o
Open space Open space

Figure 4.1: Schematic diagram for study arrangements conducted in this study.

The initial set involved a rapid heating test, where a hairdryer was employed to elevate the
temperature inside the enclosure quickly. This allowed recording readings from the conven-
tional temperature sensor and the UOTS, as previously explained in section 3.6.2. Once the
hairdryer was switched on, some time was given for the heater and fan to reach maximum

power before being directed into the enclosure.
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The second and third sets present measurements taken over prolonged periods, typically over-
night, in an open office environment. The heating was activated for roughly 5.5 hours in the

afternoon, well after the start of the recording.

In the second set, the sensors were positioned inside the enclosure to minimize the impact of
air circulation on the UOTS readings. It should be noted that enclosing the UOTS sensors also

aided in reducing the scattering of their readings.

For the third set, the sensors were placed in an open space, as this arrangement is to be used

for UOTS applications.
4.2 Experimental results for measuring the UOTS’s output frequency for 0.1 s

4.2.1 Rapid heating test for 0.1 s

Upon initiating the recording of both temperature and UOTS output frequency, the hairdryer
was removed from the enclosure, directed away from it, and switched on for some time to allow
its heating element to reach the operating temperature. Subsequently, the hairdryer was directed
inside the enclosure for a short while. The enclosure flap was closed to minimize air exchange
with the environment. This sequence was repeated five times. Figure 4.2a shows these differ-
ences and how UOTS are showing a fast return to a lower temperature whilst it takes consid-
erably longer for the conventional sensors to display the reduction in the temperature. Figure
4.2b demonstrated the second peak closely, and the UOTS took (74-73.25)*60=45 seconds to
return to slightly above baseline, whilst the conventional sensor took around (77.5-

73.25)*60=255 seconds to return to the same temperature.
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Figure 4.2: Experimental records for the rapid heating test (0.1 s measurement time) (a) Five subsequent heating cycles. (b) A section

of the complete recording (second heating instance) is viewed at a closer scale.
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4.2.2 Monitoring temperature inside the enclosure for 0.1 s frequency meas-

urement interval.

Figure 4.3 Figure 4.3 shows a complete record of the temperature and UOTS frequency rec-
orded inside the cardboard thermal testing enclosure. over a 22-hour period. The data collected
from the conventional temperature sensor and the UOTS showed a strong agreement. During
the period where the readings remained relatively constant over a certain period, it was noted
that a variation of about 0.05°C corresponded to an approximately 2 Hz change in the UOTS's

output frequency.
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Figure 4.3: Records obtained from an experiment monitoring the air temperature overnight inside a container (0.1 s measurement
time). (a) Overall recordings. (b) A section of the complete recording is viewed at a closer scale. (c) Temperature—frequency relation-

ship showing hysteresis.
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The relationship between frequency and temperature exhibited an estimated slope of 40 Hz per

degree Celsius and calculated as follows:

Gradient (slope) == Ady _ _change in frequncey(Hz) 4.1)

Adx change in Temperature(°C)

Temperature difference AT = 22.108(°C) — 22.053(°C) = 0.05°C

Frequency difference AF = 39.9228(Hz) — 39.9208(Hz) = .002 x 1000 = 2Hz
. AF
Gradlent:E = 2(Hz)/0.05(°C) =40Hz/°C

The scatter plot reveals some hysteresis in the frequency of the UOTS, as evidenced by differ-

ent frequency values at the same temperature.
4.2.3 Monitoring the temperature of the open space for 0.1 s frequency meas-
urement interval

When taking readings outside the enclosure, it was observed that there was a significantly
higher degree of variation in the readings of both sensors (Figure 4.4). The unconventional
UOTS sensor was particularly sensitive to air movement, contributing to the increased varia-
bility. Nevertheless, the temperature graphs plotted for both sensors maintained a similar pat-

tern.

The UOTS sensor demonstrated reduced fluctuations during distinct temperature trends. How-
ever, the correlation between frequency and temperature revealed a few irregular clusters with-

out noticeable hysteresis. The gradient is calculated as follows:

Calculated using equation (4.1)

Temperature difference AT=22.04(°C)-21.88(°C) =0.15°C

Frequency difference AF =39.9915(Hz) -39.8923(Hz)= 0.023*1000=23(Hz)

Gradient=AF/AT=23(Hz)/0.15(°C) = 153 Hz/°C
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Figure 4.4: Records obtained from an experiment monitoring the air temperature overnight in an open-plan office setting (0.1 s

measurement time). (a) Overall recordings. (b) A section of the complete recording is viewed at a closer scale. (c) Temperature —

UOTS frequency relationship exhibiting a few irregular clusters.

Inside the Enclosure: The UOTS sensor exhibits a predictable relationship between tempera-
ture and frequency, though some hysteresis is evident. This hysteresis suggests potential limi-

tations in the sensor's response, which may be attributable to its design or material properties.

Outside the Enclosure: The UOTS sensor's frequency readings display increased variability
due to external factors. Nevertheless, the sensor maintains a general trend that correlates with

temperature. The lack of noticeable hysteresis in this environment implies that the sensor's

performance is less affected by the temperature history.
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4.3 Measuring the UOTS’s output frequency for 6.25 ms

4.3.1 Rapid heating test for 6.25 ms

In this experiment, the hot air was injected into the container regularly, by altering the direction
of the hairdryer. In the graphs displayed in Figure 4.5, UOTS showed rapid responsiveness
again, reaching its peak and returning to the baseline much faster. The peaks in both graphs are
shown in Figure 4.5¢c, and their extent depends upon the hairdryer operation’s duration in sec-
onds. In Figure 4.5, conventional temperature sensors have a response time of 129 seconds,
calculated as (8.35 - 6.20) * 60 = 129 seconds. In contrast, ultrasonic temperature sensors
demonstrate a much faster response time of 18 seconds, calculated as (8.35 - 6.20) * 60 = 18

seconds.
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Figure 4.5: Experimental records for the rapid heating test (6.25 ms measurement time). (a) Overall recordings. (b) A section of the
complete recording (from the second to the fourth heating instance) is viewed at a closer scale. (c) Concurrent peaks in both graphs
show the simultaneous response of both sensors to the rapid heating test.
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4.3.2 Monitoring temperature inside the enclosure for 6.25 ms

During a monitoring period that lasted for an entire weekend, the temperature curves recorded,
displayed in Figure 4.6, showed a very close similarity. A correlation line was plotted to assess
the similarity between the two graphs. A good linearity can be seen in Figure 4.6 c. displays a
correlation line plotted to examine the linear relationship between frequency and temperature.
This line, representing the best-fit line derived from linear regression analysis, quantifies the

variation in frequency with changes in temperature.
Calculation of the Correlation Line:

The correlation line was established through linear regression, which fits a straight line to the
data points. The slope of this line reflects the rate at which frequency changes with temperature.
The slope of the correlation line was determined to be 0.045 Hz/°C. This value signifies the
change in frequency per degree Celsius. This slope was calculated by analyzing the frequency
variation over a specified temperature range and applying a linear model to the data.

Frequency Calculation: With a slope of 0.045 Hz/°C, the frequency change per degree Celsius
is 0.045 Hz. Consequently, a temperature difference of 1°C results in a frequency change of
0.045 Hz. Calculated using Equation (4.1) Change in Frequency=0.045(Hz)/° 1(°C)=0.045Hz

For a temperature change of 1°C (from 22°C to 21°C), this results in a frequency change of
0.045 Hz. which equal 0.045x1000=45Hz/°C

68



-

Temperature

Time, hours

Frequency, kHz

L ]
P s ] i)

(a)
- 3993
] S A P —— 29 92
39.91
20 £ 399
=
=
c 39.89
=
; g
T 3588 I 3088
39 87
39.86
39 85 .
0, hours 20 208 21 212 214 216 218 22 222 224
(b) Temperature, C
(o)

Figure 4.6: Records obtained from an experiment monitoring the air temperature inside a container over a weekend (6.25 ms meas-
urement time). (a) Overall recordings. (b) A section of the complete recording is viewed at a closer scale. (c) The temperature—fre-
quency relationship exhibits good linearity and slight hysteresis.

When the readings remained stable, it was noticed that a change of about 0.04°C was associated
with a shift of roughly 10 Hz in the UOTS's output frequency. The relationship between fre-
quency and temperature exhibited good linearity with a gradient of about 45 Hz/°C as calcu-
lated using the correlation line ( Figure 4.6 c) and 44.4 Hz/°C as calculated in Figure 4.7, with
a slight hysteresis. The gradient refers to the rate of frequency change with respect to temper-
ature. It is the slope of the line when frequency (Hz) is plotted against temperature (°C). Figure
4.6 (c): A linear correlation line is drawn, and the slope gradient is reported as 45 Hz/°Figure

4.7: Another slope is reported as 44.4 Hz/°C, with a slight hysteresis.
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The gradient or slope (m) of a line is calculated using the formula:
Calculated using equation (4.1)
Two data points for Figure 4.6(c):

Temperature difference AT=22(°C)-21(°C) =1°C

L2211 (39.908(Hz) — 39.863(Hz)/(22°C-21°C)=0.045%1000=45Hz/°C

Gradient (slope) = ——
2711

The same type of calculation was used for Figure 4.7

At the 10th hour:

Temperature difference AT=22.25(°C)-20.915(°C) =1.35°C
Frequency difference AF=39.92(Hz)-39.86(H)z= 0.060*1000=60Hz
Gradient=AF/AT=60(Hz)/1.35(°C) = 44.44Hz/°C

But the values differ slightly, which could explain the slope of 44.4 Hz/°C. Hysteresis, in this
context, suggests that the relationship between frequency and temperature may not follow the
same path during increasing and decreasing temperature cycles. This implies that the slope
could vary depending on whether the temperature is rising or falling, hence the slight difference
between 45 Hz/°C and 44.4 Hz/°C.

The gradient, or slope, represents the rate of change of frequency with respect to temperature.
It was calculated as 45 Hz/°C and 44.4 Hz/°C using data points from Figures 4.6(c) and 4.7,
respectively. The slight difference and the mention of hysteresis indicate a small discrepancy
between the cycles of temperature change. However, both values are close, indicating a gener-

ally linear relationship.
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Figure 4.7: Calculation of the gradient frequency in regard to temperature.

To compare both sensors' output from a closer view, both graphs are zoomed at time 40 to 40.1
hours as shown in Figure 4.8 (A), and this was further ten times zoomed to show up to 40.01
Figure 4.8 (B), then to show up to 40.001 hr Figure 4.8 (C).

As can be seen from Figure 4.8, for the UOTS, a closer look shows a continuous and dynamic
behaviour in the data revealed in continuous oscillation waves of frequency peaks that exhibit
an up-and-down pattern. The scatter of the data becomes more apparent and can be easily cal-
culated as in Figure 4.8 C, which is equivalent to 1.5 Hz. The frequency is calculated as
39.8630(H)z - 39.861(5Hz) = 0.0015 Hz, which equals 1.5 Hz.

On the other hand, the temperature data lines for the conventional sensor line are composed of
intermittent measurement dots. This implies that the conventional sensors provide data in a
more discrete or sporadic manner, as opposed to the continuous waves seen in the UOTS Fig-
ure 4.8 (C).
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Figure 4.8: The UOTS frequency output and the conventional sensor temperature graph are zoomed at the same time and for three

same scales: A, B and C.

The experiment was repeated to ensure the repeatability and stability of the outcome. Figure

4.9 shows a monitoring temperature period lasting 20 hours inside the enclosure.
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Figure 4.9: Repeat monitoring the air temperature for 20 hours inside the enclosure (6.25 ms measurement time). (a) Overall record-

ings. (b) A section of the complete recording is viewed at a closer scale. (c) Temperature —frequency relationship exhibiting hysteresis.

Figure 4.9 illustrates a similar outcome. The datasets from the two sensors produced compara-
ble graphs without interruptions, exhibiting a gradient of approximately 45 Hz/°C. The gradient

is calculated as follows:
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Calculated using equation (4.1)

Temperature difference AT=22.6(°C)-21.6(°C) =1°C

Frequency difference AF=40.929(Hz)-39.883(Hz)= 0.045*1000=45Hz
Gradient=AF/AT=45(Hz)/1(°C) = 45Hz/°C

A correlation line was plotted to assess the similarity between the two graphs. A reasonable
linearity can be seen in the temperature UOTS frequency relationship correlation line in Figure

4.9 C. However, the correlation is less linear comparing to the previous experiment.
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Figure 4.10: Calculation of the gradient frequency with temperature.

The relationship between frequency (F) and temperature (T) is linear, with a given gradient of
45 Hz/°C. This means that for every 1°C change in temperature, the frequency changes by 45
Hz

At the 5th hour:
Calculated using equation (4.1)
Temperature difference AT = 22.85(°C) — 21.15(°C) = 0.7°C

Frequency difference AF = 39.936(Hz) — 39.904(Hz) = 0.032 * 1000 = 32Hz

AF
Gradient="— = 32(Hz)/0.7(°C) = 45.71Hz/°C
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Frequency Hz

Temperature C

This calculated gradient (45.71 Hz/°C) is close to the provided 45 Hz/°C. The slight difference
might be due to rounding or measurement errors, but it's close enough to consider the relation-
ship valid. The calculations show that there zoomed at time 10 to 11 hours as shown in Figure
4.11 (A), then to show up to 10 to 10. 1 hr Figer 4.11(B). then to show up to 10 to 10.01 Figer
4.11(C).

) Time, hours
Time, hours Time, hours

A B

Figure 4.11: The UOTS frequency output and the conventional sensor temperature graph are zoomed concurrently for three scales:
A, BandC.

The scatter of the data in Figure 4.9 is 2 Hz when the graph is further ten times zoomed. The
frequency is calculated as 39.8925(Hz) - 39.8905(Hz) = 0.0020 Hz, which equals 2 Hz.

75



39.893

39.8925

39.892 &

39.8915

39.891

Frequency, kHz

39.8905

39.89 1 | 1 i 1 1 I L 1
10 10.0001 10.0002 10.0003 10.0004 10.0005 10.0006 10.0007 10.0008 10.0009 10.001

Time, hours

Figure 4.12: The zoomed segment of the UOTS output data shows the scatter of the data in this segment.

4.3.3 Monitoring the temperature of the open space for 6.25 ms frequency
measurement interval

The following recordings, collected over the weekend, exhibited shapes comparable to each
other but demonstrated greater variability compared to the recordings obtained in the enclosure.
Although the relationship between frequency and temperature seemed to follow a linear pat-
tern, it notably deviated at higher temperatures. Figure 4.13 shows the data collected over more
than 60 hours. Figure 4.13 involves understanding how small changes in temperature and fre-
quency were observed and how the gradient between these two quantities was calculated. Cal-

culated using equation (4.1)

Temperature difference AT = 21.74(°C) — 21.67(°C) = 0.07°C

Frequency difference AF = 40.925(Hz) —40.907(Hz) = 0.018 «* 1000 = 18Hz
. AF
Gradient="— = 18(Hz)/0.07(°C) = 257Hz/°C

The calculation in Figure 4.13 shows that over a period of more than 60 hours, the experiment
recorded a small temperature difference of 0.07°C, which corresponds to a frequency differ-
ence of 18 Hz. The gradient, which is the change in frequency per unit change in temperature,
was found to be 257 Hz/°C. This gradient is significant as it indicates the sensitivity of fre-

quency to changes in temperature
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Figure 4.13: Records were obtained from an experiment monitoring the air temperature over 65 hours in an open-plan office setting
(6.25 ms measurement time). (a) Overall recordings. (b) A section of the complete recording is viewed at a closer scale. (c) Temperature
— UOTS frequency relationship exhibiting some divergence at higher temperatures.

The gradient frequency regarding temperature in Figure 4.14 was estimated at 58 Hz/°C. It was
higher than one inside the container, which was mostly 45 Hz/°C. The frequency gradient with
respect to temperature. This value is higher than the gradient observed inside the container,

which was approximately 45 Hz/°C
At the 10th hour Calculated using equation (4.1)

Temperature difference AT = 22.55(°C) — 21(°C) = 1.55°C
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Frequency difference AF = 40.98(Hz) — 40.894(Hz) = 0.90 * 1000 = 90Hz
. AF
Gradlent:E = 90(Hz)/1.55(°C) = 58Hz/°C
There seems to be a discrepancy in the values provided in the text. The calculated gradient

based on the frequency difference of 0.086 Hz and temperature difference of 1.55°C is approx-
imately 58 Hz/°C

22,55 -21="1.55°C

Temperature C

Frequency Hz

40.98-40.85 =50 Hz

Time, hr Time, hr

Figure 4.14: Calculation of the gradient frequency with respect to temperature.

By zooming the UTOS output record graph in Figure 4.13 (a) at the time of two hours (Figure
4.13 b), i.e. during a relatively stable curve segment, the first and last segment at time 2 and
2.09 hr were ten times further zoomed and shown in Figure 4.15 ; the temperature readings
showed a scatter of 0.07°C. At the same time, the UOTS frequency exhibited a variation of 10
Hz in one segment and 25 Hz in the other. The temperature readings showed a variation of
21.64099(°C )- 21.57099(°C) = 0.07°C. This small variation suggests that the system remained
relatively stable in terms of temperature during the observed period. UOTS Frequency Varia-

tion:

Variation Frequency Range in First Segment: The UOTS (Universal Oscillator Timing System)
frequency varied from 40.9105(Hz) - 40.9005(H)z= 0.010*10= giving a variation of 10Hz

Frequency Range in Second Segment: The UOTS frequency varied from 40.92565Hz-
40.90065(Hz0=0.025 *1000=25(H)z giving a variation of 25 Hz.

Despite the stable temperature, the UOTS (Ultrasonic Oscillating Temperature Sensors) fre-
quency exhibited notable variations, indicating the influence of factors beyond temperature.

Although the temperature appeared constant, other environmental conditions such as humidity,
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pressure, or electromagnetic interference may have contributed to these variations. The fre-
quency fluctuations differed between the two segments—10 Hz in one and 25 Hz in the other.
Over time, factors like component heating, aging, or drift may have caused these segments to
respond differently. Even a slight temporal difference between segments could allow these

factors to begin affecting the system.

Thus, a stable temperature does not necessarily equate to a stable UOTS frequency, as other
variables likely contributed to the observed variations. The differences in frequency variation
between segments suggest that external or internal conditions fluctuated in ways that uniquely
impacted each segment. Understanding these influences is essential for enhancing the system'’s

stability and accuracy.
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Figure 4.15: The zoomed segment of the UOTS output data shows the scatter of the data in two segments.

4.3.4 Repeated monitoring of the temperature of the open space (6.25msec)

These recordings, which were collected during the day, exhibited similar shapes to one another
but demonstrated greater variability in comparison to the recordings obtained in the enclosure.
During a relatively stable segment of the curve, the temperature readings displayed a scatter of

0.07°C. In contrast, the UOTS frequency exhibited a variation of 10 Hz as previously stated.
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Despite the generally linear relationship observed between frequency and temperature, signif-
icant deviations were noted at higher temperatures. Figure 4.16 illustrates the data collected

over more than 20 hours.
Temperature Variation: 21.25(°C) - 21.18(°C) = 0.07°C

UOTS Frequency Variation: 40.923 (Hz) - 40.913 (Hz)= .010*1000=10 Hz
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Figure 4.16: Second experiment monitoring the air temperature over a day in an open-plan office setting (6.25 ms measurement time).
(a) Overall recordings. (b) A section of the complete recording is viewed at a closer scale. (c) Temperature — UOTS frequency rela-

tionship exhibiting some divergence at higher temperatures.
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The gradient of frequency with respect to temperature, as depicted in Figure 4.17. This gradient
is Calculated using Equation (4.1)

Gradient:%:88Hz/1.55°C =51.6Hz/°C This value indicates that for each degree Celsius in-

crease in temperature, the frequency changes by approximately 51.6 Hz.

224
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Figure 4.17: Calculation of the gradient frequency with respect to temperature.

4.4 Hysteresis analysis

Hysteresis should be considered when using inexpensive narrowband ultrasonic transducers in
oscillating systems. The primary cause of this phenomenon is the deformation of the piezoe-
lectric material due to temperature fluctuations. Although these variations are minimal, they
cannot be disregarded because even a slight change in the thickness of the piezoelectric mate-
rial leads to significant differences in the frequency response. It is important to note that the
amount of hysteresis varies at the beginning and midway through the temperature cycle, mak-
ing average hysteresis values inadequate for assessing performance at a specific distance. In-

stead, the results recorded different hysteresis values at various lengths.

The resulting hysteresis obtained under the various applied conditions and shown by the tem-
perature—frequency relationship graphs (C) in Figures 4.3- 4.6 exhibit differences in their val-
ues and relationships. Even though all states exhibited a good relationship between frequency
and temperature, the data recorded for the temperature inside the box over 60 hours Figure 4.5
(C) displayed the best linearity with the minimum hysteresis, where the relationship had a gra-
dient of around 40 Hz/°C. However, the temperature recorded outside the cardboard box Figure
4.3 (C) and Figure 4.6 (C) with 0.1 s and 6.25 ms measurement time showed larger hysteresis.
The analysis of temperature measurements inside a cardboard thermal testing reveals that hys-

teresis increases significantly as the measurement time is reduced from 0.1 seconds to 6.25
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milliseconds. Hysteresis, defined as the lag between input (temperature change) and output
(frequency response) in a system, in this context, reflects the system’s ability to track temper-
ature changes and the corresponding variation in frequency response. An increase in hysteresis
suggests that the system’s output frequency changes are increasingly delayed or dispersed rel-
ative to temperature changes, particularly as the temporal resolution of the measurements is

heightened.

Explanation and Analysis:

Measurement Time of 0.1 Seconds (100 milliseconds) - Figure 4.3 (C):
Frequency Change: 39.951 (kHz) - 39.909 (kHz) = 0.0418*1000 = 41 Hz
Temperature Change: 22.88 (°C) - 21.88(°C) =1 °C

At a longer measurement time of 0.1 seconds, the frequency change is observed to be 41 Hz,
corresponding to a 1°C temperature change. This suggests that the system has sufficient time
to respond to temperature changes, resulting in a smaller hysteresis effect. At this temporal
resolution, the system can more accurately follow temperature variations with minimal delay

or dispersion.

Measurement Time of 6.25 Milliseconds - Figure 4.6 (C)

Frequency Change: 39.908(kHz) - 39.863(kHz) = 0.045 *1000 = 45 Hz
Temperature Change: 22(°C) - 21 (°C)=1°C

When the measurement time is reduced to 6.25 milliseconds, the frequency change increases
to 45 Hz for the same 1°C temperature change. This larger frequency change indicates a greater
hysteresis effect, likely due to the reduced time available for the system to stabilize. As the
time resolution increases, the system exhibits more pronounced fluctuations in frequency in
response to the same temperature variation. This heightened hysteresis at shorter measurement
times suggests that the system’s frequency response to temperature changes becomes less sta-
ble, possibly due to the inherent thermal properties of the system and the influence of noise or
transient effects that become more evident at higher sampling rates. This analysis underscores
the critical role of measurement time in assessing temperature-related frequency changes in
systems where hysteresis is present. Accurate interpretation of hysteresis effects requires care-
ful consideration of the temporal resolution of the measurements, as shorter measurement in-

tervals can lead to greater instability and more pronounced hysteresis in the system's response.
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45 Results and discussion

The results showed some observations were common to all the experimental temperature rec-
ords obtained from both a conventional temperature sensor and a UOTS in three different sce-

narios.

This comparison suggests that the UOTS captures a more continuous and dynamic representa-
tion of temperature changes, while the conventional sensors provide data in a more discrete

and intermittent fashion.
4.5.1 Evaluating the responsiveness of conventional temperature sensors in the air usinga UOTS

Experimental temperature recordings during rapid heating of the air inside the enclosure are
presented in (Fig4.2) and (Fig. 4.5) In the first instance (Fig4.2), the hairdryer affected the air
for a noticeable period, resulting in the output frequency reaching saturation at around 40.8
kHz. The records in (Fig. 4.2b) show various frequency peaks that can be used to estimate the
maximum air temperature in the enclosure before the hairdryer was redirected elsewhere. The
UOTS exhibited sensitivity to temperature changes ranging from 40 to 50 Hz/°C, as observed
during the monitoring experiments. Based on the 400 to 500 Hz increase in the UOTS fre-
quency (Fig. 4.5), one can estimate that the maximum air temperature in the enclosure was
approximately 10°C higher than the environmental temperature. In contrast, the conventional
temperature sensor recorded an increase of no more than 2°C. This difference can be explained
by the high thermal inertia of the conventional sensor, as the air at an elevated temperature
could not fully heat it up. When the hairdryer was removed from the enclosure, the sensor
gradually cooled down due to its thermal inertia. Therefore, it seems potentially possible to use

a UOTS for benchmarking and assessing the thermal responsiveness of air temperature sensors.
4.5.2 Need for additional conventional sensor when using a UOTS.

For view, while UOTSs have advantages, they are incapable of truly independent temperature
measurement. The most beneficial use of UOTSs would be in open spaces without enclosures,
reducing material and installation costs. However, the variability of the output frequency, as
illustrated in (Fig 4.4) and (Fig.4.13), makes it difficult to determine the corresponding tem-
perature accurately. For example, if the measured frequency in (Fig 4.13) was 40.92 kHz, the
temperature could fall between 21°C and 22°C, undermining the high-resolution capability of
UOTSes. Additionally, we noticed irregular behaviour in the output frequency during a few of

our monitoring experiments, as shown in Figure 4.18.
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Figure 4.18: Records obtained from an experiment monitoring the air temperature overnight in the enclosure (6.25 ms measurement time)
exhibiting deviation of the UOTS frequency curve from that of the conventional temperature sensor.

We cannot provide an explanation for either the deviation or the subsequent return of the read-
ings to the conventional sensor's curve. Therefore, we recommend that a UOTS be supple-

mented with a conventional sensor, either to validate the UOTS reading or to conduct a sensor
data fusion procedure [7].
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4.6 Summary and conclusions

To summarise the key findings of the set of 150 mm distance experiments that have been done,

Table 4.1 illustrates a comparison between 0.1 seconds and 6.25 milliseconds of UOTS output.

Table 4.1 Conventional temperature sensor vs UOTS output frequency measured over two-time intervals.

Sensor position Conventional sensor Vs UOTS output frequency
& Temperature measured over two-time intervals:
scenario 0.1 seconds 6.25 milliseconds
1 Rapid heat- = -UOTS showed a faster response time than the CTS, -UOTS showed quicker time in reaching its highest point and re-
ing of air in- | which took time to return to baseline values. turning to the baseline
side an en-
closure
2 Long term UOTS showed reasonable agreement with CTS data. -Within 60 -hour period, UOTS showed a very close resem-
Monitoring blance to CTS.
temperature = -Within a constant readings period, UOTS showed a -Within a stable readings period, UOTS showed a variation of
inside the variation of 0.05°c corresponding to 2 HZ frequency. 0.04°c corresponding to 10 Hz output frequency.
enclosure
-The frequency-temperature relationship displayed -A linear relationship between temperature and frequency was
hysteresis with a slope of 40 Hz/°C. achieved with a gradient of around 40 Hz/°C and slight hystere-
sis.
3 Long term -Data collected by both sensors showed a comparable Both sensors showed similar temperature graphs with variations
Monitoring = temperature pattern of significant variations compared | due to the open area.
oftempera- | to the data measured inside the enclosure.
ture in open | -The UOTS sensor was more sensitive to air move- -The UOTS sensor was more sensitive to air movement.
space ment, which contributed to increased variability.

-UOTS sensor showed few irregular clusters with no
notable hysteresis.

This chapter presents experimental temperature records obtained from both a conventional tem-

perature sensor and a UOTS in three different scenarios:

-Rapid heating of air inside an enclosure.

-Long-term monitoring of air temperature inside an enclosure.
-Long-term monitoring of air temperature in an open-plan office.

The UOTS output frequency was measured over two distinct time intervals: 0.1 seconds and
6.25 milliseconds. The results were similar, but the latter interval was preferred for more re-

Spo nsive measurements.

The UOTS demonstrated high responsiveness to rapid temperature changes, whereas the con-
ventional temperature sensor underestimated the maximal temperature in the enclosure by ap-

proximately eight °C and took a substantial amount of time to return to baseline values.

The temperature curves recorded by both sensors were in very good agreement, particularly

when monitoring the temperature in the enclosure. However, when monitoring the temperature
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in an open space, both sensors exhibited notable variability, with the UOTS frequency varia-
bility being higher due to its sensitivity to both local temperature and air movements between

the ultrasonic transducers.

We believe that UOTSes are suitable for applications requiring the detection of rapid temper-
ature changes, such as detecting leaks or thermal runaways or opening doors of storage com-
partments. However, for continuous temperature monitoring, a UOTS should be complemented
by a conventional temperature sensor, especially in an open space environment. Combining
sensors allows for sensing the aggregate temperature along the complete ultrasonic pathway
and detecting instances where the UOTS reading might be unreliable.
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Chapter 5 : Experimentation at medium distances

between the transducers (300 and 500 mm)

This chapter explores the performance of the UOTS in air temperature measurements over
different distances and in different scenarios and compares its functioning to conventional
temperature sensors. The same settings were employed for the two systems, and the tempera-
ture was recorded by both systems over the same conditions.

5.1 Instrumentation and experimental procedures:

@

25 hr

N nside the

f Itrasonic Transducers [oare

- ™~

) e
Transmitter Receiver

45 hr \h@ 25 hr

Figure 5.1: Schematic diagram for the study.

Different scenarios were implemented in this study to measure the temperature inside a con-
trolled environment and in an open space environment. A cardboard thermal testing enclosure.
Was used to represent the controlled environment to prevent air movement inside the enclosure.
Conducting the experiment outside the box is to represent the uncontrolled environment. These
conditions were applied over extended intervals and different distances. Figure 5.1 shows a

schematic diagram for the experiment conditions conducted in this chapter.

5.2 Monitoring temperature inside the enclosure at a 300 mm distance

The setup was placed inside the cardboard thermal testing enclosure., and the temperature was
monitored over prolonged periods of time (e.g., weekends). Figure 5.2 shows the records of
the monitored air temperature from both sensors inside the enclosure over roughly 70 hours in

November. In Figure 5.2, the conventional sensor data showed a change in the temperature
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ranging from approximately 19.7 °C to 21.9 °C, whereas the UOTSs showed a window of
roughly from 40.285 to 40.384 kHz.

Temperature, “C
Frequency, kHz

40.34

195 : : 4028 : : ‘ : : :
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time, hours Time, hours

Figure 5.2: The monitored air temperature inside the enclosure was recorded by (A) conventional sensor, (B) UOTSs at 300 mm over
70 hrs interval (Run 1).

Figure 5.3 shows the relationship between the frequency UOTSs recorded and the temperature
the conventional sensor. The recorded data, shown by the A and B curves in Figure 5.2, exhibit

a close similarity when superimposed (Figure 5.3 A). A scatter plot can be seen in Figure 5.3

B with the gradient of around 45 Hz/°C. In Figure 5.3B, a scatter plot illustrates a frequency-
temperature gradient of approximately 45 Hz/°C. This gradient is calculated based on the ob-

served variations in temperature and frequency:

Calculated using equation (4.1)

Temperature Variation: 21.2(°C) - 20.2(°C) = 1°C

UOTS Frequency Variation: 40.348(Hz) - 40.303(Hz) = 0.045*1000=45 Hz
Gradient=AF/AT=45(Hz)/1(°C) = 45Hz/°C

This indicates that for each 1°C increase in temperature, the frequency changes by 45 Hz.
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Figure 5.3: (A) The relationship between the monitored air temperature recorded by the conventional sensor and UOTSs inside the
enclosure over 70-hour intervals. (B) Temperature — UOTS frequency relationship (Run 1).

This experiment was repeated to check consistency of the outcome; Figure 5.4 shows the results

of temperature monitoring inside the enclosure over 70 hours at a distance of 300 mm.
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Figure 5.4: A repeat of the monitored air temperature inside the enclosure was recorded by (A) a conventional sensor and (B) at 300
mm over 70 hrs interval (Run 2).

Figure 5.5 displays collected records superimposed (A) and the relevant scatter plot (B). Com-
paring to the runl, the collected data superimposed less tightly, and the scatter plot exhibited a
few small clusters away of the linear relationship. Figure 5.5 shows the relationship between
the frequency UOTSs recorded and the temperature the conventional sensor. gradient is calcu-

lated as follows.
Calculated using equation (4.1)
Temperature difference AT=21(°C)-20(°C) =1°C

Frequency difference AF=40.349(Hz)-40.316(H)z=0.033*1000=33Hz,
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Gradient=AF/AT=33(Hz)/1(°C) =33Hz/°C
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Figure 5.5 (A) The relationship between the monitored air temperature recorded by the conventional sensor and UOTSs inside the
enclosure over 70-hour intervals. (B)Temperature — UOTS frequency relationship (Run 2).

5.3 Monitoring the temperature of the open space at a 300 mm distance

The setup was placed on a table inside an open office environment in November and left to
record data for over 21 hours. The surrounding environment included operating computers and
students moving around during the day. The recorded data for conventional sensors and UOTSs
are shown in Figure 5.6. There is more variability in the open space UOTS frequency output

recordings compared to those recorded in the enclosure, especially at higher temperatures.
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Figure 5.6: The monitored air temperature in an open space recorded by (A) conventional sensor (B) UOTSs at 300 mm over 21 hours
(Run 1).

The scatter plot presented in Figure 5.7 illustrates a nearly linear relationship between temper-
ature and frequency, with three distinct clusters deviating from this trend. The gradient of this

relationship is approximately 27 Hz/°C.
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This gradient is calculated as follows:

Calculated using equation (4.1)

This gradient is calculated as follows: Temperature Variation: 21. (°C) - 20. (°C) = 1°C
UOTS Frequency Variation: 40.318(Hz) - 40.291 (Hz)= 0.027*1000=27 Hz
Gradient=AF/AT=27(Hz)/1(°C) = 27Hz/°C

This indicates that the frequency changes by approximately 27 Hz for each 1°C increase in

temperature
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Figure 5.7: The correlation coefficient between the two data sets recorded at 300 mm by the conventional sensor and UOTSs in the

open space over 21 hrs (Run 1).
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The same experiment was repeated and collected data are presented in Figure 5.8 and Figure

5.9.
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Figure 5.8: Monitored air temperature in an open space recorded by (A) conventional sensor (B) UOTSs at 300 mm over 21 hours

(Run 2).

These results are consistent with those obtained during the first run. Figure 5.9 demonstrates a

linear relationship with intermittent variations between the two data sets recorded at 300 mm

by the conventional sensor and UOTS in open space. The gradient of this relationship is ap-

proximately 35 Hz/°C.
This gradient is calculated as follows:

Calculated using equation (4.1)

This gradient is calculated as follows: Temperature Variation: 21.98. (°C) - 20.98 (°C) = 1°C

UOTS Frequency Variation: 40.335 (H)z - 40.300(Hz) = 0.035*1000=35 Hz

Gradient=AF/AT=35(H)z/1(°C) = 35Hz/°C

This indicates that for each 1°C increase in temperature, the frequency changes by approxi-

mately 35 Hz
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Figure 5.9: Linear relationship between the two data sets recorded at 300 mm by the conventional sensor and UOTSs in the open

space over 21 hrs (Run 2).

5.4 Monitoring temperature inside the enclosure at a 500 mm distance

Figure 5.10 shows the collected data of the monitored temperature recorded by both sensors

inside the enclosure in December time over roughly 24 hours.
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Figure 5.10: The monitored air temperature inside the enclosure was recorded by (A) conventional sensor (B) UOTSs at 500 mm for
21 hours (Runl).

As can be seen in Figure 5.10, the conventional sensor data showed a change in the temperature
ranges from 18.15 to 20.75 °C, whereas the UOTSs showed a window from 40.175 to 40.31
kHz. The data recorded and displayed by the A and B curves demonstrate a significant resem-

blance over a one-day monitoring period.
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Figure 5.11 shows the relationship between temperature measurements and UOTS frequency

data recorded inside the enclosure over 24 hours.
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Figure 5.11: The relationship between the monitored air temperature recorded at 500 mm by the conventional sensor and UOTS
frequency inside the enclosure over 24-hour intervals (Run 1).

Similar to the experiments conducted at a distance of 300 mm, Figure 5.11 demonstrates a clear
linear relationship, with a gradient of approximately 45 Hz per degree Celsius. The temperature
variation was Calculated using equation (4.1) as 20 (°C) — 19(°C) = 1°C, and the UOTS fre-
quency variation was determined to be 40.267(Hz) - 40.222(Hz) = 0.045 Hz, which, when
multiplied by 1000, equals 45 Hz. Consequently, the gradient is:

Gradient=AF/AT=45(Hz)/1(°C) = 45Hz/°C
This indicates that for each 1°C increase in temperature, the frequency changes by 45 Hz.

Figure 5.12 shows the experimental results for the second run, when the temperature changed
from approximately 18.35 °C to 20.75 °C) during 24 hours, whereas the UOTSs showed a
window from 40.1 kHz to 40.275 kHz for. The UOTS frequency output in Figure 5.12 (B)

shows more scatter than in Figure 5.10, Runl.
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Figure 5.12: The monitored air temperature inside the enclosure was recorded by (A) conventional sensor (B) UOTSs at 500 mm for

24 hours (Run 2).
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Figure 5.13: The relationship between the monitored air temperature recorded at 500 mm by the conventional sensor and UOTS

frequency inside the enclosure over 24-hour intervals (Run 2).

This The scatter plot in Figure 5.13 illustrates a gradient of approximately 55 Hz/°C. This gra-

dient is determined based on the following calculations:

Calculated using equation (4.1)

Temperature difference AT=20(°C)-19(°C) =1°C

Frequency difference AF=40.220(H)z-40.165(Hz)=0.055*1000=55Hz

Gradient=AF/AT=55(Hz)/1(°C) = 55Hz/°C

This result indicates that the frequency changes by approximately 55 Hz for each 1°C increase

in temperature.
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Another experiment was conducted during Christmas time. The setup left monitoring the tem-

perature inside the enclosure, and data was recorded over 450 hours from the conventional and

UOTSs collected. The graphs are shown in Figure 5.14.
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Figure 5.14: Monitored air temperature inside the enclosure recorded by (A) conventional sensor (B) UOTSs at 500 mm over Christ-

mas break (450 hours) (Run 3).

Similar shapes are obtained by both sensors with two unusual, scattered set points recorded at

low temperatures at approximately 75 and 440 hours since the start of the experiment. The

following Figure 5.15 shows these scattered data zoomed. We are unaware of the cause for

these two outliers.
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Figure 5.15 Monitored air temperature inside the enclosure recorded over Christmas break zoomed to show the scattered set points

corresponding to approximately 75 and 440 hours since the start of the experiment.

5.5 Monitoring the temperature of the open space at a 500 mm distance

The setup was placed on a table inside an open office environment in December and left to
record data for over 45 hours. The surrounding environment included operating computers
and students moving around during the day. The recorded data for conventional sensors and
UOTSs for a weekend are shown in Figure 5.16. The graphs of recorded data showed similar
shapes: the open space recordings showed more variability compared to those recorded in the
enclosure (for example, Figure 5.10).

Figure 5.17 shows the relationship between temperature measurements and UOTS frequency
data recorded in the office over a weekend time. A correlation line was plotted to evaluate the

similarity between the two graphs.
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Figure 5.16: The monitored air temperature in an open space recorded by (A) conventional sensor (B) UOTSs at 500 mm over 45

hours.
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The relationship between the air temperature recorded at a longer distance (500 mm) by the
conventional sensor and the UOTS frequency output is linear and exhibits less divergence than
that recorded at 300 mm, as shown in Figure 5.7. A linear relationship was derived from the

two data sets, yielding a gradient of approximately 45 Hz/°C.

gradient is calculated as follows.

Calculated using equation (4.1)

Temperature difference AT=20.5(°C)-19.5(°C) =1°C

Frequency difference AF=40.230(Hz)-40.185(Hz)=0.045*1000=45Hz
Gradient=AF/AT=45(Hz)/1(°C) = 45Hz/°C
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Figure 5.17: The relationship between the monitored air temperature recorded at 500 mm by the conventional sensor and UOTS

frequency output in an open space over 45 hrs intervals.

5.6 Discussion

Starting with the observation of the temperature at a 300 mm distance within the cardboard
box, the data collected from conventional sensors and UOTSs, as illustrated in (Figure 5.2,
Figure 5.3), and (Figure 5.4, Figure 5.5) demonstrated remarkable similarity throughout a
weekend-long monitoring period. Both sets of data displayed a strong linear correlation, as
shown in Figure 5.3 and Figure 5.5, where the relationship between frequency and temperature

exhibited a gradient of approximately 45 and 35 Hz per degree Celsius, respectively.
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In Figure 5.2, it was observed that during periods of stability in the readings, a change of
roughly 0.04°C corresponded to an approximate 10 Hz shift in the output frequency of the
UOTS. The overall temperature range recorded by the conventional sensor during the 70-hour
period ranged between (19.7 -21.9) °C. The UOTS frequency output range is (40.28- 40.38)
kHz.

The recordings were obtained in open space over a day at a distance of 300 mm, as shown in
Figure 5.6 and Figure 5.8; the data collected from conventional and UOTS sensors had similar
shapes, indicating consistency in the data. Despite the similar shapes, the open space recordings
showed more variability compared to those recorded in the enclosure (Figure 5.2 and Figure
5.4). This variation in the data suggests less controlled conditions led to these variations, which
may be attributed to air movement by people walking around or working PCs nearby. These
variations appeared especially during working hours and at higher temperatures. In Figure 5.5,
the relationship between frequency and temperature seemed to be linear. However, this linear
relationship was occasionally diverged, suggesting the presence of some other influences. To
understand the level of variation in the data, at 40.3 kHz, for example, the UOTS frequency

showed a scatter of 8 Hz corresponding to a variation of 0.2 °C.

At 500 mm distance, the experimental results clearly show that the data collected from the
conventional temperature sensors and the Ultrasonic Oscillating Temperature Sensor (UOTYS)
inside the closure and outside exhibit a remarkable level of agreement. These datasets recorded
in open space showed notable UOTS frequency variability; for example, at a high temperature
of approximately 20.9°C, the temperature measurements exhibited a scatter of 0.02°C, while
the frequency of UOTS exhibited a fluctuation of 40 Hz.

5.7 Conclusion:

Inside the enclosure, the relationship between the readings obtained from the conventional tem-
perature sensor and the frequency output of UOTS collected at 300 mm and 500 mm distances
demonstrates strong linearity. This outcome underscores the UOTS's reliability and con-
sistency in temperature measurement, aligning closely with the established performance of

conventional sensors.

When monitoring the temperature of the open space, the recordings, collected at 300- and 500-
mm distances, exhibited similar shapes to one another but displayed more significant variabil-
ity in comparison to the ones captured in the enclosure. Despite the seemingly linear relation-

ship between frequency and temperature, it noticeably deviated at higher temperature levels.
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This might be due to its sensitivity to both local temperature and air movements between the
ultrasonic transducers. These changes occurred in a temperature range roughly between 18.5 —
21.5 °C.
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Chapter 6 : Experimentation at the distance of 920

mm between the transducers

This chapter examines the capability of the UOTS to monitor air temperature at a 920 mm
distance between the transducers in different scenarios with a comparative analysis of the
UOTS's performance with that of conventional temperature sensors. Also, this chapter exam-
ines the UOTS's and conventional response to rapid and consistent heating tests using hair

dryer and electric soldering iron, respectively.

6.1 Instrumentation and experimental procedures:

Various scenarios were implemented in this chapter to measure temperature within both con-
trolled and open environments at 920 mm distance between the transducers. Figure 6.1 provides
a schematic diagram for the experiments conducted in this study. A controlled environment
was simulated using a cardboard thermal testing enclosure. to restrict air movement within the
enclosure. The experiment conducted outside the cardboard thermal testing enclosure. in an
open office aimed to replicate an uncontrolled environment. These conditions were systemati-

cally applied across extended time intervals.

* Ultrasonic Transducers

Inside the box

Open space

Figure 6.1: Schematic diagram for the Chapter 6 study.

The other scenarios implemented in this study were the rapid heating test and the slow heating
test. For the rapid heating test, the temperature monitoring was started for about fifteen minutes

before a hair dryer was used to elevate the air temperature inside the cardboard thermal testing
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enclosure. Via a centrally positioned aperture at the top of the cardboard thermal testing enclo-
sure. The hair dryer operated on a low setting above the opening in the centre by 10 cm for a
duration of six seconds before being deactivated, and the temperature was monitored for the
first hour. After the initial hour of observation, the hair dryer was reactivated for a duration of

ten seconds, and temperature monitoring continued for an additional hour.

To perform the slow heating test in a controlled environment, an electric soldering iron was
placed inside the cardboard thermal testing enclosure. The electric soldering iron was operated
for a duration of one hour. Then, the experiment was replicated for an extended period of time,

where the soldering iron operated for a duration of two hours.

6.1.1 Monitoring temperature inside the enclosure at a 920 mm distance

The experimental arrangement was placed within a cardboard thermal testing enclosure., and
temperature monitoring took place throughout the weekend. The records of monitored air tem-
perature from both sensors inside the enclosure over a period of approximately 70 hours in
January are shown in Figure 6.2. The figure shows the conventional sensor data indicates a
temperature variation ranging from about 19.2 °C to 22.45°. At the same time the Ultrasonic
Oscillating Temperature Sensor (UOTS) exhibited a frequency window spanning roughly
40.252 to 40.05 kHz.
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Figure 6.2: The monitored air temperature inside the enclosure was recorded by (A) a conventional sensor (B) UOTSs at 920 mm over
70 hrs intervals (Run 1).

The recorded data shown by the A and B curves in Figure 6.2 exhibit a close similarity over

the weekend monitoring interval. Figure 6.3 shows the scatter plot between the frequency of
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UOTSs and the conventional sensor-measured temperature Linearity can be seen between the
two data sets with a gradient of around 55 Hz/°C.

gradient is calculated as follows.

Calculated using equation (4.1)

Temperature difference AT=22(°C)-21(°C) =1°C
Frequency difference AF=40.245(Hz)-40.190(H)z=55Hz

Gradient=AF/AT=55(Hz)/1(°C) = 55Hz/°C
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Figure 6.3: (A) The relationship between the monitored air temperature recorded by the conventional sensor and UOTSs inside the

enclosure over 60 hrs intervals. (B)Temperature — UOTS frequency relationship (Run 1).

This experiment was repeated for over 20 hours at a distance of 920 mm (Run 2, Figure 6.4).
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Figure 6.4: The second run of the monitored air temperature inside the enclosure was recorded by (A) a conventional sensor and (B)

at 920 mm over 20 hrs interval (Run 2).
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Figure 6.5 The relationship between the monitored air temperature recorded by the conventional sensor and UOTSs inside the enclo-

sure over 20-hour intervals.

Figure 6.5 demonstrates a linear relationship between temperature and UOTS frequency. How-
ever, the recorded data exhibit a correlation line with a gradient of 68 Hz per degree Celsius,

which is larger than that observed in the first run. The gradient is calculated as follows:
Calculated using equation (4.1)
Temperature difference AT=21.2(°C)-20.2(°C) =1°C
Frequency difference AF=40.168(Hz)-40.100(H)z= 0.068*1000= 68Hz
Gradient=AF/AT=68(Hz)/1(°C) = 68Hz/°C

6.1.2 Monitoring the temperature of the open space at a 920 mm distance

The setup was placed on a table inside an open office environment in January and left to record
data for over 20 hours. The surrounding environment included operating computers and stu-
dents moving around for around one day. The recorded data for conventional sensors and

UOTSs are shown in Figure 6.6.
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Figure 6.6: The monitored air temperature in an open space recorded by (A) conventional sensor (B) UOTSs at 920 mm over 201
hours (Run 1).

The related scatter plot is shown in Figure 6.7 with the gradient of approximately 55 Hz/°C.
There was some hysteresis in the output frequency of the UOTS, as evidenced by different

frequency values at the same temperature.

The gradient is calculated as follows:

Calculated using equation (4.1)

Temperature difference AT=20.5(°C)-19.5(°C) =1°C

Frequency difference AF=40.435(Hz)-40.380(H)z=.055*1000=55Hz
Gradient=AF/AT=55(Hz)/1(°C) = 55Hz/°C
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Figure 6.7: The correlation coefficient between the two data sets recorded at 920 mm by the conventional sensor and UOTSs in the

open space over 20 hrs (Run 1).

This experiment was repeated on the next day, and Figure 6.8 shows the monitoring tempera-

ture outside the enclosure over 20 hours at a distance of 920 mm.
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Figure 6.8: The monitored air temperature in an open space recorded by (A) conventional sensor (B) UOTSs at 920 mm over 20 hours
(Run 2).

The relationship between frequency and temperature in Figure 6.9 exhibited hysteresis and had

an estimated slope of 53 Hz per degree Celsius.

The gradient is calculated as follows:

Calculated using equation (4.1)

Temperature difference AT=20.5(°C)-19.5(°C) =1°C

Frequency difference AF=40.433(Hz)-40.380(Hz)=.053*1000=53Hz

Gradient=AF/AT=53(Hz)/1(°C) = 53Hz/°C
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Figure 6.9: Linear relationship between the two data sets recorded at 920 mm by the conventional sensor and UOTSs in the open
space over 201 hrs (Run 2).

The UOTS sensor demonstrated reduced output frequency fluctuations during distinct tem-
perature trends. However, the scatter plot shows a few irregular clusters with noticeable hys-

teresis.

6.2 The rapid heating tests

For this experiment an opening was made at the top centre of the cardboard box; the hairdryer
operated at 10 cm above the opening, and the sensors were placed in the centre. The distance
between the hair dryer and the sensors was about 30 cm, and it operated at different time inter-
vals with pauses between these operations. Figure 6.10 A & B shows the recorded data for
conventional sensors and UOTS when the hair dryer operated on a low setting for a duration
of six seconds before being deactivated. The relationship between the monitored air tempera-

ture recorded by the conventional sensor and UOTSs is shown in Figure 6.10 C.

108



40.75

2421
4.7

40.65 +

B
o
=]

kHz
8
o

Temperature, °C
Frequency,

o

o

wm

4045 -

Y
o
rS

—

40.35 -

40.3 -

" L L " . . " L " 40.25 L L L . h r T n N
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05

Time, hours Time, hours

US frequency vs Temperature

40.75

47 % C

4065 ?

dﬂﬁ—l

40551 «

40451
404—{
4035—}

* ki =
—t
40.3 __..u--u-"- !

Frequency, kHz
8
o
T ———1

40.25 i . ' ' L L .
22.6 228 23 232 234 23.6 238 24 24.2

Temperature, C

Figure 6.10: Experimental records for the rapid heating test monitoring air temperature before and after hot air was injected by a
hair dryer for 6 seconds. (A) conventional sensor, (B) UOTS output at (920 mm distance between transducers) and (C) a linear

relationship between the US frequency and temperature.

The results shown in Figure 6.10 are similar to those obtained before and show a simultaneous

response of both sensors to the rapid heating test, where the UOTS returned instantaneously to
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the base line unlike the conventional sensor. The frequency-temperature relationship showed a

gradient of 50Hz per degree Celsius (Figure 6.10 C). The gradient is calculated as follows:
Calculated using equation (4.1)

Temperature difference AT=23.8(°C)-22.8(°C) =1°C

Frequency difference AF=40.320(Hz)-40.270(H)z=.050*1000=50Hz
Gradient=AF/AT=50(Hz)/1(°C) =50Hz/°C

However, this was not the case in Figure 6.11. After the temperature was continued to be mon-
itored for the first hour, the hair dryer was reactivated for a duration of ten seconds, and the

temperature monitoring continued for an additional hour (Figure 6.11).

The instantaneous response of the UOTS output that was followed by an immediate return to
just above the baseline was subjected to high step jumps. This difference is probably caused
by the blowing of hot air into the box where the sensors were placed, and the moving air over-
blowing the sensor. The UOTS's data seemed different from the data obtained when the sensors
were placed deep inside. The temperature has risen from 20.5 to 37.5 °C after the first 6-second
hot air shot and from around 21.5 up to 46.5 °C after the second 10-second hot air shot. i.e., the
total increase is temperature difference AT=46.5(°C)-20.5(°C)=26°C around 26 °C.
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Figure 6.11: Monitoring air temperature before and after hot air was injected by a hair dryer for 6 and 10 seconds and air temper-

ature for an hour after each injection (A) conventional sensor data, (B) UOTSs output at (920 mm distance between transducers).

The box with the transducers had the length of 110 cm (Chapter 4, Section 4.6.1). The rapid
heating test experiment was conducted in Chapter 4 by using the hairdryer on a low setting at
one end of the cardboard thermal testing enclosure of 110cm L x 25cmW x 25¢cm H, and the

sensors were placed at the other end, i.e., at a distance of 110 cm.
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The relationship between the US frequency and temperature after the hairdryer was operated
for different time intervals with pauses between these operations shows several parallel peaks

with similar slops and an overall increase of the air temperature inside the enclosure.
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Figure 6.12:UOTS frequency output plotted against temperature recorded by conventional sensors for multiple heating shots injected
by a hairdryer inside an enclosure.

6.3 The slow heating tests

In this experiment, an electric soldering iron was positioned at the centre of a closed cardboard
thermal testing enclosure. the sensors were positioned at the centre, too, so the iron solder was
parallel to the aluminium rail. The soldering iron was switched on for one hour in the initial
trial, and the experiment was subsequently repeated for an extended period of two hours. Figure
6.13 shows
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Figure 6.13: The monitored air temperature inside the enclosure recorded by (A) conventional sensor (B) UOTSs at 920 mm over 1

hour in response to an activated nearby soldering iron for one hour (Run 1)

the sensors recorded response to the gradual heating process. Both air temperature monitoring

profiles inside the enclosure show similar patterns that exhibit rising air temperature with time.
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However, the UOTS exhibited increased data scatter as the temperature rose. The total increase

in temperature was calculated as follows:

Temperature difference AT=25.5(°C)-21.9(°C) =3.6°C
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Figure 6.14: UTOS frequency output plotted against temperature recorded by conventional sensor in response to raised temperature
by iron solder inside an enclosure.

The relationship plotted in Figure 6.14 between the UTOS frequency output, and the tempera-
ture recorded by the conventional sensor shows a direct relational trend despite being nonlinear,

probably due to the scattered data pulses.

The repeated experiment, as shown in Figure 6.15, demonstrates a sustained increase in tem-
perature within the first hour, rising from 21.8°C to 26.8°C. This was followed by a slower
increase, reaching 27.4°C after two hours, resulting in a total rise of 5.6°C. The temperature
difference is calculated as follows: Temperature difference AT=27.4(°C)-21.8(°C) =5.6°C
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Figure 6.15: The monitored air temperature inside the enclosure recorded by (A) conventional sensor (B) UOTSs at 920 mm over 2
hours in response to an activated nearby soldering iron (Run 2)

The relationship plotted in Figure 6.16 between the UTOS frequency output and the tempera-
ture recorded by the conventional sensor shows a direct relationship with less scattered data

than the first repeat, which can be seen clearer at low temperatures.
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Figure 6.16: UTOS frequency output plotted against temperature recorded by conventional sensor in response to raised temperature
by iron solder inside an enclosure.

6.4 Discussion

Starting with the observation of the temperature at a 920 mm distance within the cardboard
box, the data collected from the conventional sensor and UOTS, as illustrated in Figure 6.2 and
Figure 6.3, demonstrated remarkable similarity throughout a weekend-long monitoring period.
Both sets of data displayed a strong linear correlation, as shown in Figure 6.3, where the rela-

tionship between frequency and temperature exhibited a gradient of approximately 55 Hz per
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degree Celsius (Figure 6.2). The figure shows the conventional sensor data indicates a temper-
ature variation ranging from about 19.2 °C to 22.45°C. In contrast, the UOTSs exhibited a
frequency window spanning roughly 40.05 to 40.252 kHz during the same time frame.

In the repeat of monitoring temperature for 19 hours shown in Figure 6.4 and Figure 6.5,
similar patterns of UTOS scattered data are shown. The correlation line showed a gradient of
68 Hz per degree Celsius, which was notably higher compared to the rest of the collected da-

tasets.

The recordings were obtained in open space over a day at 920 mm, as shown in Figure 6.6 and
repeated the next day (Figure 6.8); the data collected from conventional and UOTS sensors had
similar shapes, indicating consistency in the data. Despite the similar shapes, the open space
recordings showed more variability and hysteresis compared to those recorded in the enclosure
(Figure 6.7 and Figure 6.9); the correlation between frequency and temperature revealed a few

irregular clusters with noticeable hysteresis.

In the rapid heating test and slow heating test experiments, two heat transfer mechanisms were
involved. In the rapid heating test, the hair dryer introduces hot air into the cardboard thermal
testing enclosure. With dynamic airflow. As the hot air was blown into the cardboard thermal
testing enclosure., it displaced the cooler air, creating a flow pattern. This forced convection
helps distribute heat more rapidly, causing a rapid increase in temperature within the enclosure.
In contrast, during the soldering iron experiment, heat conduction is the primary mechanism
through which the air inside the closed space is heated. The combination of forced and natural
convection contributes to the overall heat transfer in the system as heated air becomes less
dense and tends to rise, creating a natural convection current where the heated air rises, and
cooler air moves in to replace it. The rise in temperature was about 26 °C, and the response of
UTOS to sudden increase accompanied by blowing hot air was characterised by high step

jumps.

In the slow heating test experiment, the soldering iron directly heats the air in its immediate
vicinity, and then the heat is conducted through the air molecules, gradually raising the tem-
perature of the entire volume of air in the box. This resembles the presence of a heater inside
the dwelling; the UTOS showed two patterns: scattered data in the first run and more stable
data with less variation in the second run of the experiment, which lasted for two hours. The

total increase in the temperature was 5.6 °C.
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6.5 Conclusion

Inside the enclosure, the experimental data set shows a strong correlation. The relationship
between the readings obtained from the conventional temperature sensor and the frequency
output of UOTS collected at 920 mm demonstrated remarkable similarity throughout a week-
end-long monitoring period. The relationship between frequency and temperature exhibited a
gradient of approximately 55 Hz per degree Celsius. This outcome underscores the UOTS's
reliability and consistency in temperature measurement, aligning closely with the established
performance of conventional sensors. The rapid heating test employs a hair dryer for forced
convection, creating dynamic airflow that rapidly increases the temperature within the enclo-
sure. In the slow heating test with a soldering iron, heat conduction is the primary mechanism,
complemented by forced and natural convection. The interplay of these mechanisms influences
the overall heat transfer, providing insights for tailored thermal processes.
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Chapter 7 : SUMMARY AND CONCLUSION

7.1 Chapter 1

Temperature sensors are widely used in science, medicine, industry, and daily life. However,
conventional temperature sensors have limitations. They measure temperature at a single lo-
calized point and require thermal equilibrium, causing time lags. This increases costs when
multiple sensors are needed for accurate monitoring. Their response times are usually several
seconds, making them slow to react to sudden temperature changes. Despite these drawbacks,
conventional temperature sensors remain essential due to their reliability and effectiveness,

with ongoing advancements addressing their limitations.

Ultrasonic temperature sensors offer responsive measurements by utilizing ultrasound veloci-
ty's dependence on temperature through pulse-echo and through-transmission principles. These
sensors are highly sensitive and can detect fast temperature changes. Unlike conventional sen-
sors, they can measure temperature at multiple points simultaneously, providing aggregate
measurement. This makes them a compelling option for various industrial, medical, and scien-

tific applications, offering enhanced performance and reliability over conventional methods.

Extensive past research in acoustic thermometry seeks to overcome traditional sensors' limita-
tions like single-point measurements and thermal equilibrium requirements. UOTS, leveraging
ultrasonic sound velocity changes, offers promise for cost-effective, accurate temperature sens-
ing in gases, liquids, and solids. Continued research suggests UOTS could revolutionize tem-

perature sensing with improved performance and affordability.

The present research aims to develop cost-effective UOTS devices with reliability akin to con-
ventional sensors, focusing on measuring aggregate temperature in the air. This involves cre-
ating a test rig, integrating calibrated conventional temperature sensors, designing an electronic
driver, and conducting validation tests against conventional sensors. Overall, this research’s
goal is to develop, fully prototype, and verify an ultrasonic sensor for measuring aggregate
temperature in dwellings in order to maintain a comfortable indoor temperature for building

occupants.
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7.2 Chapter 2

Conventional sensors can be connected to data acquisition systems, control units, recording
devices or directly to displays. Their output can be voltage, resistance, or mechanical displace-
ment, which is then converted into temperature values using calibration curves or equations

specific to the sensor type and application.

The experiments explore temperature measurement with conventional sensors, revealing chal-
lenges in achieving absolute accuracy but highlighting the feasibility of consistent relative
measurements, particularly within limited air volume enclosures. The Pt100 RTD and
DS18B20 IC sensors were employed alongside 12C combinational sensors (BMP280 and
AHT?20). While sensor readings generally tracked each other, notable scatter, especially with
the DS18B20 sensor, was observed. In a controlled setup with restricted airflow, sensors ex-
hibited minimal deviation, underscoring the importance of environmental conditions and nat-

ural variability of temperature field.

7.3 Chapter 3

This chapter provides an in-depth examination of devices and methodologies for recording
frequencies in various experimental settings. Ultrasonic transducers are essential instruments,
excelling in harsh environments and enabling electrical energy conversion to ultrasound and

vice versa.

Auxiliary equipment like the PLJ-8LED-C module and the ISDS205 digital oscilloscope were
used for inspecting and quantifying operation of the UOTS. Practical considerations, such as
using a cardboard enclosure and a domestic hair dryer for temperature regulation, are also ad-
dressed. This chapter integrates theoretical concepts with practical applications to UOTS fre-

quency recording.

An experiment compared the response times of two conventional air temperature sensors,
AHT20 and BMP280, with a new ultrasonic air temperature sensor (UOTS). The UOTS
showed a significantly faster response to changes in temperature, although precise quantifica-

tion was unfeasible at that stage.

For accurate quantification, a high-resolution frequency meter is needed to measure the UOTS
input frequency multiple times per second. This requires a temperature-controlled crystal os-

cillator for reference frequency and a microcontroller with capture timers.
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This study compared frequency measurement methods using timer peripherals of modern mi-
crocontrollers (MCUSs) for UOTSes. Accurate measurements were achieved by counting refer-
ence pulses over multiple periods of the input signal of interest.

Challenges with the conventional MCU timer’s capture mode were mitigated by using direct
memory access (DMA) mode, allowing captured values to be stored directly in the MCU’s
memory without CPU intervention. The STM32G474 MCU captured values at every pulse
edge, enabling half-period measurements, and the CPU averaged the data as required.

7.4 Chapter 4

The experimental results revealed several key findings regarding the performance of a conven-
tional temperature sensor and a UOTS in various scenarios at the distance of 150 mm between
the transducers. Both sensors were subjected to rapid air heating inside an enclosure and long-

term temperature monitoring, both inside the enclosure and in the open space.

The comparison between the conventional sensor and UOTS output frequencies indicated that
UOTS captured temperature changes more frequently and responsively compared to the con-
ventional sensors, which provide more coarse and intermittent data. The UOTS output fre-
quency was measured over two distinct time intervals: 0.1 seconds and 6.25 milliseconds. The

results were similar, but the latter interval was preferred for more responsive measurements.

During rapid air heating inside an enclosure, UOTS demonstrated faster response times and
quicker return to baseline values compared to conventional sensors. It also showed satisfactory
agreement with conventional sensor data during extended-term temperature monitoring within

the enclosure.

Specifically, UOTS exhibited a variation of 0.05°C at a 2 Hz frequency during a constant read-
ing period, with a hysteresis displayed in the frequency-temperature relationship. Over a 60-
hour period, UOTS closely resembled conventional sensors, and within a stable reading period,
it showed a deviation of 0.04°C at a 10 Hz output frequency, with a linear relationship between

temperature and frequency.

In long-term temperature monitoring in open space, UOTS was found to be more sensitive to
air movement, resulting in increased variability. However, it showed few irregular clusters with

some hysteresis, highlighting its sensitivity to air movement.

Overall, both sensors exhibited similar temperature patterns, albeit with variations due to the

open environment.
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7.5 Chapter 5

After examining operation of the UOTS at the shortest distance, further experiments were con-

ducted at the distances of 300 and 500 mm between the transducers.

In the enclosure, the experimental dataset revealed a strong correlation between the readings
from the conventional temperature sensor and the frequency output of the UOTS. This high-
lights the reliability and consistency of the UOTS in temperature measurement, closely align-

ing with conventional sensors' established performance.

However, when monitoring the temperature of the open space, recordings collected at these
distances showed similar shapes, but greater variability compared to those captured in the en-
closure. Despite the apparent linear relationship between frequency and temperature, devia-
tions were noticeable at higher temperature levels, possibly due to sensitivity to local temper-
ature and air movements between ultrasonic transducers. Nevertheless, these changes occurred
within a controlled temperature environment a manned laboratory with a relatively small tem-

perature variation range from 18.5 to 21.5 °C.

7.6 Chapter 6

At the longest distance between the transducers of 920 mm, experiments within the enclosure

and in open space were complimented by rapid and slow heating tests.

Inside the enclosure, the experimental dataset exhibits a strong correlation between readings
from the conventional temperature sensor and the frequency output of UOTS over a weekend-
long monitoring period. The relationship between frequency and temperature demonstrates a
gradient of approximately 55 Hz per degree Celsius, highlighting the reliability and consistency
of the UOTS in temperature measurement, closely aligning with conventional sensors' estab-

lished performance.

In the rapid heating test utilizing a hair dryer for forced convection, dynamic airflow rapidly
increases the enclosure's temperature. Conversely, the slow heating test with a soldering iron
primarily employs heat conduction, supplemented by forced and natural convection. The inter-
action of these mechanisms influences overall heat transfer, offering insights for tailored ther-

mal processes.
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7.7 Recommendations for future research

During this research and through several experiments conducted, certain limitations require
addressing in future work concerning the measurement of air temperature using an ultrasonic

oscillating temperature sensor for operation in the air.

1-Verify performance of an UOTS in a temperature-controlled chamber that will also enable

more comprehensive study of hysteresis in the output frequency.

2- Verify performance of an UOTS against an array of conventional temperature sensors, in-
dependently measuring air temperature along the complete ultrasonic pathway.

3-Extend the distance between the transducers in order to achieve operation at the distance of

several meters that is typical for residential buildings.

4-Establish convenient and unobtrusive ways of commissioning an UOTS into a residential

environment.

7.8  Overall summary

A low-cost UOTS system has been successfully developed for measuring air temperature. The
experimental results quantitatively confirm the significantly faster response time of the UOTS.
These advancements and experimental findings pave the way for creating cost-effective ultra-
sonic temperature sensors that deliver reliable, extended measurements. Data collected over
hundreds of hours of experimentation were analysed to optimize the operation and select suit-
able operating parameters. The developed modular system (transducers’ fixture, electronic
driver, frequency meter, conventional temperature’s datalogger) was proven to be a robust tool
for exploring the functionality of ultrasonic oscillating temperature sensors (UOTSS) in air
temperature measurement across different setups. Consequently, the aim of the research was

successfully achieved.
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