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Resum 

Introducció: L'apnea obstructiva del son és una afecció respiratòria crònica que afecta 

més de 936 milions d'adults arreu del món. Les repercussions d'aquesta malaltia no 

només comprometen la qualitat del son, sinó que també poden tenir efectes a nivell 

neurològic, cardiovascular, metabòlic i respiratori. Diversos estudis sostenen que un 

diagnòstic precoç, acompanyat d'una adequada monitorització del tractament, pot 

minimitzar les implicacions d'aquesta malaltia, ressaltant la necessitat de desenvolupar 

solucions accessibles i eficaces. 

Objectius: Aquest projecte pretén integrar i validar el sensor de fotopletismografia 

MAX86171 en la banda de monitorització del son Ikon-Sleep de Bitbrain. L'objectiu és 

estimar la saturació d'oxigen i, així, habilitar el seu ús en la monitorització de l'apnea 

obstructiva del son (OSA), garantint que compleix els requisits necessaris per obtenir la 

certificació mèdica. 

Metodologia: El projecte ha adoptat un enfocament seqüencial per al disseny, la 

validació i la integració del sistema de PPG de Bitbrain, estructurat en tres fases 

principals. En la primera fase, es van realitzar proves per a la validació del sensor 

MAX86171, incloent-hi una prova de validació simulada, una prova de col·locació en 

subjectes reals i una prova d'hipòxia, amb l'objectiu de verificar el compliment dels 

requisits establerts per la norma ISO 80601-2-61. A continuació, es va procedir a la 

integració del sensor MAX86171 en la banda Ikon-Sleep de Bitbrain, assegurant la seva 

correcta implementació dins del sistema. Finalment, la tercera fase va consistir en la 

validació del sistema complet, en la qual es van repetir les proves de validació simulada 

i de col·locació realitzades en la primera fase. 

Resultats: Els resultats obtinguts en la validació del MAX86171 van demostrar que el 

sensor va aconseguir un RMSE mitjà del 2,37% en el rang de saturació d'oxigen del 

70% al 100%, essent inferior al 4% exigit per la norma ISO 80601-2-61. En la segona 

fase, es va garantir la integració del sensor a la banda Ikon-Sleep, incorporant un 

firmware optimitzat amb una freqüència de mostreig de 128 Hz i adaptacions en el 

prototip que van millorar l'estabilitat del sistema i l'índex de perfusió. Finalment, en la 

tercera fase, els resultats obtinguts en les proves de validació i de col·locació del sensor 

van ser comparables als de la validació inicial del MAX86171, confirmant la consistència 

del disseny i la funcionalitat del sistema. 

Conclusió: S'ha desenvolupat i validat un sensor de PPG apte per a la seva integració 

en la banda de monitorització del son Ikon-Sleep de Bitbrain. Els resultats obtinguts 

recolzen el potencial del sistema per obtenir l'acreditació de grau mèdic i, així, ser utilitzat 

en la monitorització de l'OSA. 

Paraules clau: Apnea obstructiva del son, fotopletismografia, saturació d'oxigen. 
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Resumen 

Introducción: La apnea obstructiva del sueño (OSA) es una afección respiratoria 

crónica que afecta a más de 936 millones de adultos en el mundo. Las repercusiones 

de esta enfermedad no solo comprometen la calidad del sueño, sino que también 

pueden tener efectos a nivel neurológico, cardiovascular, metabólico y respiratorio. 

Diversos estudios sostienen que un diagnóstico precoz, acompañado de una adecuada 

monitorización del tratamiento, puede minimizar las implicaciones de esta enfermedad, 

resaltando la necesidad de desarrollar soluciones accesibles y eficaces. 

Objetivos: Este proyecto pretende integrar y validar el sensor de fotopletismografía 

MAX86171 en la banda de monitorización del sueño Ikon-sleep de Bitbrain. Con ello, su 

proposito es estimar la saturacion de oxígeno y, así, habilitar su uso en la monitorización 

de OSA, garantizando que cumple los requisites para obtener la certificacion médica. 

Metodología: El proyecto adoptó un enfoque secuencial para el diseño, la validación y 

la integracion del sistema de PPG de BitBrain, estructurado en tres fases principales. 

En la primera fase se realizaron pruebas para la validación del sensor MAX86171, 

incluyendo una prueba de validación simulada, una prueba de colocación en sujetos 

reales y una prueba de hipoxia, con el objetivo de verificar el cumplimiento de los 

requisitos establecidos por la ISO 80601-2-61. A continuación, se procedió a la 

integración del sensor MAX86171 en la banda Ikon-Sleep de BitBrain, asegurando su 

correcta implementación dentro del sistema. Finalmente, la última fase consistió en la 

validación del sistema completo, en la que se retomaron las pruebas de validación 

simulada y de colocación realizadas en la primera fase. 

Resultados:  Los resultados obtenidos en la validación del MAX86171 demostraron que 

el sensor alcanzó un RMSE promedio de 2.37% en el rango de saturación de oxígeno 

del 70% al 100%, siendo inferior al 4% exigido por la ISO 80601-2-61. En la segunda 

fase, se garantizó la integración del sensor en la banda Ikon-Sleep, incorporando un 

firmware optimizado con una frecuencia de muestreo de 128 Hz y adaptaciones en el 

prototipo que mejoraron la estabilidad del sistema y el índice de perfusión. Finalmente, 

en la última fase, los resultados obtenidos en las pruebas de validación y de colocación 

del sensor fueron comparables a los de la validacion del MAX86171, confirmando la 

consistencia del diseño y la funcionalidad del sistema.  

Conclusión: Se ha desarrollado y validado un sensor de PPG apto para su integración 

en la banda de monitorización del sueño Ikon-sleep de BitBrain. Los resultados 

obtenidos respaldan el potencial del sistema para obtener la acreditación de grado 

medico y asi poder ser usado en la monitorización del la OSA. 

Palabras clave: Apnea obstructiva del sueño, fotopletismografía, saturación de 

oxígeno. 
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Abstract 

Introduction: Obstructive sleep apnoea is a chronic respiratory condition that affects 

more than 936 million adults worldwide. The repercussions of this disease not only 

compromise sleep quality, but can also have neurological, cardiovascular, metabolic and 

respiratory effects. Several studies argue that early diagnosis, accompanied by 

adequate monitoring of treatment, can minimise the implications of this disease, 

highlighting the need to develop accessible and effective solutions. 

Objectives: This project aims to integrate and validate the MAX86171 

photoplethysmography sensor into Bitbrain's Ikon-sleep sleep monitoring headband. In 

this way, its purpose is to estimate oxygen saturation and thus enable its use in OSA 

monitoring, ensuring that it meets the requirements for medical certification. 

Methodology: The project adopted a sequential approach to the design, validation and 

integration of the BitBrain PPG system, structured in three main phases. In the first 

phase, tests were carried out to validate the MAX86171 sensor, including a simulated 

validation test, a placement test on real subjects and a hypoxia test, with the aim of 

verifying compliance with the requirements established by ISO 80601-2-61. The 

MAX86171 sensor was then integrated into the BitBrain Ikon-Sleep band, ensuring its 

correct implementation within the system. Finally, the last phase consisted of the 

validation of the complete system, in which the simulated validation and placement tests 

carried out in the first phase were retaken. 

Results: The results obtained in the validation of the MAX86171 showed that the sensor 

achieved an average RMSE of 2.37% in the oxygen saturation range of 70% to 100%, 

which is lower than the 4% required by ISO 80601-2-61. In the second phase, integration 

of the sensor into the Ikon-Sleep band was ensured by incorporating optimised firmware 

with a sampling rate of 128 Hz and adaptations to the prototype that improved system 

stability and perfusion index. Finally, in the last phase, the results obtained in the 

validation and sensor placement tests were comparable to those of the MAX86171 

validation, confirming the consistency of the system design and functionality.   

Conclusion: A PPG sensor suitable for integration into BitBrain's Ikon-sleep sleep 

monitoring band has been developed and validated. The results support the potential of 

the system to obtain medical grade accreditation for use in OSA monitoring. 

Keywords: Obstructive sleep apnoea, photoplethysmography, oxygen saturation. 
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Abbreviations and Symbols 

Abbreviations 

OSA: Obstructive sleep apnoea  

PSG: Polysomnography 

SpO2: Blood Oxygen saturation 

PPG: Photoplethysmography 

FDA: Food and Drug Administration 

MDR: Medical Device Regulation 

RMSE: Root Mean Square Error 

IR: Infrared 

AC: Alternating current 

DC: Direct current 

PPT: Pulse transient Time 

PWV: Pulse wave velocity 

AHI: Apnea-Hypoapnea Index 

HRV: Heart rate variability 

BP: Blood Pressure 

REM: Rapid eye movements 

PR: Pulse rate 

HbO2: Oxyhemoglobin 

RHb2: Deoxy-hemoglobin 

PI: Perfusion Index 

MSE: Mean Square Error 

SaO2: Arterial Oxygen Saturation 

SPI: Serial Peripheral Interface 

SCLK: Clock 

CS: Chip Select 

MOSI: Master Output, Salve Input 

MISO: Master Input, Salve Output 

MSB: Most significant bit 

I2C: Inter-Integrated Circuit 

UART: Universal Asynchronous 
Receiver-Transmitter 

BLE: Bluetooth Low Energy 

PCB: Printed Circuit Board 

PLA: Polylactic acid 

SDO: Serial data output 

FIFO: First in, First Out 

ADC: Analog to Digital Converter 

SQI: Signal Quality Index 
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Glossary 

Traube-Hering-Mayer waves: oscillations in blood pressure that reflect the activity of 

the autonomic nervous system. Traube-Hering waves are associated with the respiratory 

cycle, while Mayer waves are slow oscillations (∼0.1 Hz) independent of respiration, 

related to baroreceptor reflexes and cardiovascular regulation [1]. 

Reynaud phenomenon: Episodes of vasospasm in fingers and toes, triggered by cold 

or stress, causing changes in skin colouring (white, blue, red) and may be accompanied 

by numbness or pain [2]. 

Orthostatic intolerance: Condition characterised by the presence of symptoms such as 

dizziness, blurred vision, fatigue, or palpitations, which are alleviated by assuming a 

supine position. The underlying cause of this condition is a dysfunction in the regulation 

of the cardiovascular system [3]. 

Apnea-Hypoapnea Index (AHI): Metric employed for the evaluation of the severity of 

sleep apnoea, quantifying the number of apnoeas (breathing pauses) and hypoapnoeas 

(shallow breaths) occurring per hour of sleep. A higher AHI is indicative of a more severe 

condition [4]. 

Fitzpatrick scale: Numerical classification of human skin types according to their 

response to ultraviolet (UV) light exposure. The classification system was originally 

developed in 1975 by the dermatologist Thomas B. Fitzpatrick, and the scale categorises 

skin into six types, ranging from skin that always burns and never tans (Type I) to skin 

that never burns (Type VI)[5]. 
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1 Introduction 

Obstructive sleep apnoea (OSA) is a prevalent breathing condition associated with 

sleep, characterised by recurrent partial obstruction of the upper airway [6]. The 

repercussion of this disorder not only affects the sleep quality, but also has significative 

consequences upon the entire individual’s health, affecting the cardiovascular, the 

metabolic and the neurological systems. The OSA has been associated with an 

increased risk of various diseases, including hypertension, diabetes type 2, stroke and 

depression [7].  

In the neurological domain, numerous studies have demonstrated the association of 

OSA with the acceleration of cognitive decline and an elevated risk of developing 

neurodegenerative diseases, such as Alzheimer or Parkinson. Furthermore, OSA has 

been linked to other conditions such as epilepsy and headaches. The underlying 

mechanisms of these effects are attributed to cerebral hypoxemia, which produces 

oxidative stress and endothelial dysfunction, thereby increasing the risks of stroke and 

cardiovascular complications. The efficacy of continuous positive airway pressure 

treatment in managing these conditions has been well-documented, underscoring the 

significance of timely diagnosis and effective intervention [6]. 

The global prevalence of OSA has increased, affecting millions of people, especially 

those with associated conditions such as hypertension and chronic lung disease. It is 

estimated that approximately 936 million adults aged 30-69 may suffer from severe OSA, 

underscoring the need for accessible and effective monitoring solutions.  Currently, 

polysomnography (PSG) is the gold standard for evaluating sleep apnea/hypopnea. 

However its increased cost and lack of accessibility in non-hospital settings, difficult to 

monitor the progression of the disease as well as its early diagnosis [7]. 

In this context, it appears the necessity of developing more accessible and efficient 

diagnostic tools and sleep monitoring devices. The integration of a 

photoplethysmography (PPG) sensor within devices such as the Ikon-sleep monitoring 

headband from BitBran could provide a viable solution for the oxygen saturation (SpO2) 

estimation during sleep, thus facilitating the detection of apnoea episodes in non-clinical 

settings. However, to ensure the accuracy and reliability of the sensor, it is necessary to 

develop appropriate firmware that effectively integrates it with the existing system, 

allowing it to be validated and evaluated according to the quality standards required for 

medical certification. 

This project aims to develop, integrate, and validate a PPG sensor utilizing the resources 

already available at Bitbrain. The goal is to ensure the system's accuracy and readiness 

for future medical certifications, enabling the sensor to be employed in large-scale clinical 

studies. This advancement will contribute to improving the early detection and treatment 

of OSA and will open new possibilities in the field of neuroengineering for health 
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applications. 

1.1 Motivation 

BitBrain has been working on the integration of a PPG sensor on its sleep 

monitoring headband Ikon Sleep (Figure 1), with the aim of acquiring polysomnography 

performance and extending its application to the study and monitoring of sleep apnoea. 

However, due to the low perfusion index, the sensors previously assessed at the 

forehead placement failed to meet the required accuracy standards for medical 

certification. This created a necessity for the development of more accurate and reliable 

sensors that could accomplish the required standard for clinical validation and overcome 

the limitations of forehead measurement. 

Recently, BitBrain identified the MAX86171, a new PPG sensor with promising 

specifications. This finding presents a valuable opportunity to integrate the novel sensor 

into their Ikon sleep monitoring headband. To achieve this objective, it is necessary to 

first validate the performance of the MAX86171, followed by its integration into the Ikon 

sleep headband and a final assessment of its performance. This approach will facilitate 

its usage in larger clinical studies and ensure compliance with medical regulatory 

standards. 

1.2 Scope 

The project aims to validate the use of the MAX86171 PPG sensor inside the Ikon-

sleep monitoring headband from Bitbrain to guarantee that it complies with all the 

requirements for SpO2 estimation. This will require the sensors integration into Bitbrain 

platform and that the whole system achieves the necessary accuracy as for obtaining 

the medical certification according to the Medical Device Regulation (MDR) and/or the 

Food and Drug Administration (FDA) guidelines.  

The project will yield a final prototype that will be used to fully validate the system, 

encompassing both the sensor and its integration within the existing amplifier. It is 

important to note that while the project will not encompass the clinical investigation 

necessary for certification, it will provide a realistic evaluation using hypoxia and 

comparing the results with medical devices. 

Figure 1: Bitbrain’s Ikon sleep headband [8]. 
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1.3 Prerequisites 

This project is a multidisciplinary effort that involves many departments from 

Bitbrain, including Data Science, Software, Hardware, and Regulation. Thus, proficiency 

in adapting to different teams is essential; to adopt the management of the tools and 

methodologies they follow in an efficient way. Moreover, access to multiple sources 

including facilities, software tools, SpO2 simulators, datasheets, regulatory 

documentation and publication access are required.  

Focusing more on the different phases of the project, the following prerequisites have 

been identified. For the sensor integration, several electrical components will be needed, 

including Printed Circuit Board (PCB) with integrated circuits. Furthermore, access to 

firmware programming tools, diagnostic and measurement equipment (i.e. multimeter, 

signal generator and an oscilloscope) to assess firmware functionality will also be 

essential. In the domain of validation phases, collaboration with appropriate Bitbrain 

health professionals is imperative, especially in the case of the hypoxia test, which needs 

the supervision of a doctor during experimentation.  

Regarding the ethical character of the experiments, the project counts with the validation 

and approval of the Research Ethics Committee of the Autonomous Community of 

Aragon (CEICA). Moreover, the participant involved in the experiments were employees 

of the company itself, who intervened on a voluntary basis and in the context of their 

normal work activity.  

1.4 Objectives 

As previously mentioned, the objective of this project is to develop a completely 

functional prototype of the Bitbrain Ikon sleep system's amplifier that is able to measure 

PPG reliably and that can be used to compute SpO2 metrics according to FDA/MDR/ISO 

regulations. In order to achieve it the following secondary objectives have been defined: 

¶ Studying of state of the art including the functioning principles of PPG, the 

scientific literature and commercial alternatives for PPG sensors.  

¶ Sensor validation and comparison with the state of art certified systems. 

¶ Revision of Bitbrain’s system functioning to ensure seamless integration of the 

MAX86171 sensor with the Ikon sleep band.  

¶ Development of the software for the sensor operation, mainly the firmware for 

real-time PPG signal acquisition and processing.  

¶ Evaluate the performance of the MAX8617 sensor and assess the whole system 

to ensure compliance with ISO 80601-2-61:2019 in order to achieve FDA and 

MDR certification requirements. 
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2 Theorical framework 

This section includes the theoretical aspects for the contextualisation of this project, 

including the theoretical background and the state of the art. 

2.1. Theorical background 

The theoretical background subsection outlines the basics of photoplestimography, 

the estimation of oxygen saturation and the requirements for medical accreditation. 

2.1.1 Photoplethysmography  

Photoplethysmography (PPG) is a non-invasive optical technique widely used for 

the monitoring of physiological parameters through the detection of changes in blood 

volume. This section aims to provide a comprehensive overview of PPG, beginning with an 

examination of the fundamental principles upon which the technique is based, including the 

Beer-Lambert law. Subsequently, the functioning of the system and the different operation 

modes will be review, emphasising the importance of the sensor placement and its impact 

on signal acquisition quality. Thereafter, the PPG waveform will be outlined, taking into 

account the physiological events that influence its shape. Finally, a review of the PPG 

applications will be presented, given specific considerations to those in the field of wearable 

sleep monitoring applications.  

2.1.1.1 Fundamental principles  

PPG measures the changes in blood volume at the microvascular level of the skin. 

This method is based on the optical properties of human tissue, specifically its absorption, 

dispersion and transmission characteristics under a specific wavelength [8], [9]. PPG can 

provide valuable physiological information by assessing the amount of light transmitted or 

reflected due to changes in the concentration in blood composition and pulsation [2]. 

The principles of PPG are explained by the Beer-Lambert law, which describes the 

attenuation of light intensity as it passes through a medium containing a solute. According 

to this law, the concentration of a solute dissolved in a transparent solvent can be 

determined by measuring the absorption of light at a known wavelength [10]. This behaviour 

depends on three factors: the extinction coefficient (α), the concentration (𝑐), and the optical 

path length through the medium (𝑙). Mathematically, the Beer-Lambert law calculates the 

attenuation of light intensity following the next expression [8], [11]: 

𝐼=𝐼𝑜 𝑒
−α⋅l⋅c 

 

(Eq. 1) 

Where 𝐼 is the transmitted light intensity, 𝐼𝑜 is the initial light before absorption, and the 
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exponent 𝐴= −α⋅l⋅c  defines the absorbance (Eq. 2). During PPG measurements, light 

passes through multiple layers including the skin, tissues, veins and arteries. The total 

absorbance is the sum of the contribution from each layer k, expressed as [8]:    

𝐴𝑘= −α𝑘⋅l𝑘⋅c𝑘    (Eq. 2) 

𝐼=𝐼𝑜 𝑒
−∑𝐴𝑘 (Eq. 3) 

Figure 2 illustrates how light interacts with the different structures, showing its path through 

the different layers and the resulting absorption and scattering effects.  

Interaction of light with Biological Tissues 

 During PPG measurements, light irradiates the skin and passes through various 

structures, including skin pigments, bones, arterial blood, and venous blood. These 

components exhibit differing degrees of absorption and scattering of light. The PPG signal 

primarily reflects changes in pulsatile arterial blood flow, which are most pronounced during 

the systolic phase of the cardiac cycle. During this phase, the volume of blood in the arteries 

increases, resulting in greater absorption and a reduction in the amount of detected light. 

Conversely, during the diastolic phase, there is a decrease in blood volume, which allows 

lighter to be transmitted or reflected. Although venous blood also contributes to light 

absorption, its impact on the PPG signal is generally minimal and can be considered 

negligible in most cases. The PPG sensor detects these dynamic changes in light intensity 

and correlates them to the pulsatile blood flow within the microvascular tissue [8]. 

 

2.1.2 Basic operation of the PPG sensor  

Considering the light interaction with tissues a typical PPG sensor involves two main 

components. These are, a transmitter (light source(s)) at the tissue site, with one or more 

LEDs and a receiver (photodiode detector) to measure the intensity of the non-absorbed 

light reflected from the tissue [12].  

Depending on the layout of these parts the PPG can be classified in two operational modes, 

as can be seen in Figure 3: transmission and reflection modes [13].  

Figure 2: Representation of the light intensity change explained with Beer-Lambert law in 
photoplethysmography measurement [3]. 

. 
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In the transmission mode measurement, the Infrared (IR)-red led (light source) and the 

photodiode (receiver) are places on opposite sides of the human tissue. The tissue absorbs 

a proportion of the light, with the photodiode subsequently registering the remaining light 

that passes through the body, that is the residual light from the source [13]. 

In the reflective mode, the light source and the receiver are place side by side on the same 

body surface, therefore the photodiode detects the light that has been backscattered or 

reflected from the tissue, bone, and/or blood vessels [14], [15]. Consequently, the reflexion 

sensors provides more flexibility of the PPG signal measurement placement on the body, 

thus, they suited better for non-invasive wearable long-term monitoring devices [14]. 

Each mode has both advantages and disadvantages. While both modes provide non-

invasive measurements, in the transmissive mode an excessive pressure can slow down 

the peripheral blood volume, which may lead to reduction of the venous oscillations [13].  

2.1.2.1 Sensor placement 

Placement during the acquisition of the PPG 

measurement plays a central role in the analysis of 

the posterior PPG signal, the waveform is 

conditioned by its location. The PPG signal is 

influenced by different anatomical regions 

characterise by different tissue thickness, skin 

pigmentation, and density of blood vessels and bone 

structures. Therefore, different measurement sites 

have different levels of accuracy. Figure 4 shows 

morphological differences between finger and ear 

measurement places. PPG signals are commonly measured from the wrist, fingers, and 

earlobes. They can also be measured in other locations such as forehead, upper and lower 

arm, abdomen, and various areas of the ear [16].  

On the one hand, transmitting sensors are typically implemented as finger rings, finger clips 

or ear clips. The finger types are widely used in medical applications (finger clips mainly for 

pulse oximeters). The ear clips realisation is often used for vital signs monitoring [13]. On 

the other hand, reflectance sensors are typically positioned at the wrist, forearm, ankle, 

forehead, and torso. In this configuration, they are commonly used as cuffs. When selecting 

Figure 3: Basic principle of PPG sensor working in different modes: (a) transmission and (b) reflective 
modes [7]. 

Figure 4: Influence of measurement 
place in PPG waveform. Shows the 
comparison between ear and finguer 
waveforms. 
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the optimal measurement site, it is essential to consider the requisite pressure [12]. A 

comparison between the main used measurement placement is recorded in Table 1. 

Table 1: Comparison of measurement sites for PPG acquisition, including advantages and disadvantages [17]. 

Site Features Advantages Disadvantages 

Finger 

- Transmission mode sensor 
integrated in rings or clips. 

- PPG signals obtain from finger 
principal arteries. 

- High Signal to Noise 
ratio (SNR). 
 

- Uncomfortable in 
prolonged usage 
during sleep. 

- Sensible to 
movement artefacts. 

Wrist 

- Reflective mode sensors integrated 
in bracelets or watches. 

- PPG signals acquired from the 
upper wrist (far from main arteries). 

- Simple usage. 
- Confortable for 

continuos monitoring. 

- Reduce SNR. 
 

Arm 

- Reflective mode sensor placed in 
the upper arm. 

- PPG signals acquired from the 
brachial artery. 

- Used in medical environments 
(intensive care units). 

- Less susceptible to 
movement artifacts. 

- Good SNR. 

- Less usage in 
domestic used. 

- Specific design 
required to ensure 
comfort. 

Ear 

- Transmission mode sensor 
integrated in clips or reflective 
mode sensors for in-ear or behind 
the ear placement. 

- Less susceptible to 
movement artifacts. 

- Noise removal using 
both ear sensors. 

- Less vasoconstriction 
effects. 

- Not comfortable for 
sleeping usage. 

Chest 
- Reflective mode sensor integrated 

in bands or adhesive patches. 
- PPG signals acquire near heart. 

- Ideal for cardiac 
activity monitoring. 

- Sensible to 
movement artefacts 
due to breathing. 

Forehead 

- Reflective mode sensor integrated 
in bands or adhesive patches. 

- PPG signals acquired from frontal 
placed. 

- Less susceptible to 
movement artifacts. 

- Good SNR due to 
increased arterial 
capillarity. 

- Reduced used in 
domestic usage due 
to static. 

2.1.2.2 Waveform description  

This section builds upon the principles of PPG described in the preceding section. It 

focuses on the morphological structure of the PPG signal and its physiological components. 

The waveform is divided in two components: a pulsatile and a non-pulsatile component [2]. 

The pulsatile component, better known as the alternating current component (AC), 

reflects the changes in arterial blood volume and is synchronized with the cardiac cycle. It 

fluctuates during the systolic and diastolic phases of the cycle, providing information related 

to vasodilatation, vasomotor and vascular tone [8]. Its fundamental frequency is dependent 

on the heart rate (HR) and is superimposed on the non-pulsatile component [14]. 

The non-pulsatile component, referred to as direct current (DC) component, represents 

the remaining portion of the signal excluding the AC component. It corresponds to the 

optical signal transmitted or reflected through the tissue which is dependent on the tissue 

structure and the average volume of arterial and venous blood. In this manner, DC 
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component is affected by biological features, such as the tissue composition or the blood 

volume of the measurement place, as well as external factors like the ambient light or the 

device specifications. Moreover, it has been demonstrated that DC component can also be 

affected by breathing, vasomotor activity, vascular compliance, vascular tone, pain, drug 

use, the Traube-Hering-Mayer wave, or the thermoregulation [14].  

Figure 5 presents both AC and DC components and 

schematizes how the absorbance features determine it 

shaps. When assesing the signal pattern, it is found that 

the amplitude of the PPG lacks a defined unit as it is 

dependant on non-standarized physical factors, such as 

the oxygen-carrying curve or the capillary blood volume 

fluctuations. The figure also highlights the main 

waveform elements [8]. Braodly speaking, each period 

can be divided into anacrotic  and catacrotic phases [11]. 

The anacrotic phase, also known as systolic phase, 

refers to the rising curve of the period. It starts with the 

pulse onset, which corresponds to the beginning point 

of the pulsation, that is the lower blood volume point 

before the systolic phase. Thereafter, when blood volume reaches its maximum, the 

systolic peak is achieved. Computing the difference between the pulse onset and the 

systolic peak the systolic amplitude is obtained, which has been reported to have a 

significant correlation with microvascular expansion and is in proportion to the cardiac cycle 

[8].  

The catacrotic phase, or diastolic phase, corresponds to the descendant curve of the 

period and includes the wave reflections from the periphery [8], [11]. The recessive point 

found firstly during the descendant is the dicrotic notch. Subsequently, we found a relative 

maximum known as diastolic peak. This transient rising and falling behaviour occur due to 

the temporary capillary blood volume increase, as consequence of a pressure gradient in 

the opposite direction to the blood flow, immediately before the aortic valve closed [8].   

 

2.1.2.3 PPG applications 

PPG’s versatility and capacity for multiparametric monitoring of physiological 

features have made it a valuable tool in a multitude of applications, encompassing both 

medical and research domains, as well as everyday wearable technology. The following 

section provides an overview of the principal applications, including a dedicated subsection 

on sleep monitoring applications. 

Figure 5: Principle of 
photoplethysmogram obtention and 
main waveform features  [3]. 



Photoplethysmography for SPO2 estimation integrated in a wearable sleep monitoring system                        Page. 17 

 

Clinical physiological monitoring 

In a clinical physiological context, photoplethysmography can be employed for the 

monitoring of a range of parameters, including blood oxygen saturation, heart rate, blood 

pressure, cardiac output and respiration.   

For blood oxygen saturation (SpO2), pulse oximetry calculates the ratio of the AC and DC 

components derived from the red and infrared PPG signals. This method is widely used 

across clinical settings such as hospitals, outpatient care facilities, or sport medicine clinics. 

In addition to monitoring oxygen saturation, PPG is also used for the purpose of monitoring 

heart rate. The AC component of the PPG pulse is aligned with the heart’s pulsations, 

thereby rendering PPG a reliable indicator of heart rate. This capability is of particular 

importance in both hospital-based and ambulatory care settings, where continuous heart 

rate monitoring can help detect and manage cardiac abnormalities [4]. Arterial blood 

pressure can be estimated by calculating the pulse transient time (PTT) from the PPG. The 

PTT is the time taken by an arterial pulse wave to reach peripheral tissues [18]. Some of its 

applications include the tracking of beat-to-beat blood pressure in autonomic function and 

vascular disease studies. Additionally, PPG-derived pulse contour analysis is used for 

estimating stroke volume and cardiac output in patients with cardiovascular disease. 

Furthermore, respiration causes variations in the peripheral circulation producing changes 

in the intensity variations of the PPG signal, making it possible to detect the respiratory rate 

from the low frequencies of the PPG [11]. 

Vascular assessment  

In vascular assessment PPG is applied in the monitoring of clinical settings including 

the followings: arterial diseases, arterial compliance and ageing, the endothelial function, 

venous assessment, vasospastic conditions and the microvascular blood flow and tissue 

viability.  

The assessment of the arterial diseases using PPG signals is possible due to the changes 

in peripheral pulse, including the dumped, delayed, or diminished. These changes indicate 

an increasing severity of vascular disease. Several techniques have been investigated with 

a view to extracting valuable diagnostic information, including PPG risetime analysis, 

frequency analysis, pulse amplitude, and pulse waveform assessment. These methods 

appear to be effective for the detection of the peripheral arterial occlusive disease [11]. 

The arterial hardening, which starts around the first decades of live in healthy subjects, can 

be accelerated in cases of diabetes mellitus and renal disease. Moreover, it is associated 

with hypertension and the cardiovascular risk. The stiffer the artery the faster the pulse wave 

velocity (PVW), which is inversely related to the PTT and can be compute from the PPG 

signal [11]. 



Page. 18  Report 

 

Endothelial dysfunction serves as an indicator of arteriosclerosis and is consequently 

related to an elevated cardiovascular risk. The PPG is capable of measuring vasodilatation 

by assessing the pulse waveform, including the change in the dicrotic peak [11]. 

The DC component of the PPG signal is used to assess chronic venous insufficiency non-

invasively, through changes in blood volume with posture. This method has correlated well 

with standard venous pressure measurement and is applied in a variety of clinical 

assessments, such as ulcer treatment and varicose vein surgery [11]. 

The PPG can also be used in the evaluation of vasospastic conditions such as the Reynaud 

phenomenon, showing the pulse amplitude and the slope of the systolic phase to be 

promising indicators. Moreover, PPG has also been used for microvascular  blood flow and 

tissue viability studying, being useful in plastic surgery for postoperative monitoring of tissue 

perfusion and for early diagnose of complications in tissue transplant [11]. 

Autonomic function 

In relation to the autonomic function, the PPG can play an important role in the 

assessment of the vasomotor function and thermoregulation, by analysing the 

sympathetic and parasympathetic activity with changes in the low frequencies of the PPG. 

Moreover, the orthostatic intolerance and the cardiovascular variability is a growing 

research area, where studies have found higher variability in lower PPG frequencies 

components in healthy subjects in compared to low frequency variability found in the patient 

group.  

Sleep monitoring applications 

In relation with the sleep monitoring applications of the PPG, specific applications 

are found in the assessment and diagnosis of sleep disorders,  highlighting its role on the 

monitoring of the OSA syndrome and related disorders [19]. 

Along this line, the PPG is able to identify obstructive respiratory events, such as apneas 

or hypoapneas, by detecting changes in pulse amplitude and heart rate. Moreover, it has 

been used for apnea-hypoapnea index (AHI) calculation; therefore detecting obstructive 

and central apneas [20].  

In addition to OSA detection, PPG can be used to estimate sleep stages by capturing 

physiological parameters such as heart rate variability (HRV), SpO2, blood pressure (BP) 

and respiratory rate. It helps in assessing transitions between sleep stages, including Rapid 

Eye Movement  and Non-rapid eye movement sleep [19] [21]. 

Lastly, PPG integrated in wearable devices offers a less intrusive and more accessible 

alternative to polysomnography (PSG) for initial screening and long-term monitoring in 

home-based monitoring of sleep apneas and assessing post-treatment changes in sleep 
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patterns among sleep-disturbed populations, for instance, insomnia patients or in cases of 

circadian rhythm sleep disorders [11]. 

 

2.1.3 Pulse oximetry 

PPG can be used in pulse oximetry for the non-invasive and continuous monitoring 

of the oxygen saturation of haemoglobin. The oxygen saturation is dependent upon the 

availability of oxygen, which is in turns determined by the process of gas exchange in the 

lungs. This availability of oxygen is a crucial parameter for evaluating the exchange of gases 

(oxygen and carbon dioxide), especially during the anaesthesia. Oxygen saturation is 

currently express as a percentage, rather than as an absolute measurement. A pulse 

oximeter measures non-invasively the oxygen saturation in arterial blood (SpO2 %) by using 

a PPG sensor. This percentage is derived from the amplitude of the transmitted light in the 

red (R) and infrared (IR) wavelengths and the pulse rate (PR) from the PPG signal [14].  

This section explains the theorical aspects of the SpO2 estimation, the method by which it 

can be calculated and the use of the perfusion index as a signal quality indicator. 

Additionally, it includes a section on the legal requirements for obtaining medical 

accreditation for SpO2 measurement. 

2.1.3.1 SpO2 estimation 

SpO₂ (peripheral capillary oxygen saturation) is a measure of the estimated amount 

of oxygen present in capillary blood. It is expressed as a percentage of oxy-hemoglobin 

(HbO₂) relative to the total hemoglobin (both oxyhemoglobin and deoxyhemoglobin) in the 

blood. The formula used to calculate SpO₂ is as follows: 

𝑆𝑝𝑂2=100×
𝐶[𝐻𝑏𝑂2]

𝐶[𝐻𝑏𝑂2]+𝐶[𝑅𝐻𝑏2]
 

(Eq. 4) 

Where 𝐶[𝐻𝑏𝑂2] and 𝐶[𝑅𝐻𝑏2] are the concentrations of oxy-hemoglobine (HbO2) and deoxy-

hemoglobin (RHb2), respectively. 

The protein haemoglobin (Hb) is responsible for transporting oxygen in red blood cells. It 

exists in two main forms: oxygenated haemoglobin (oxy-haemoglobin, HbO₂) and 

deoxygenated haemoglobin (deoxy-haemoglobin, RHb2). 

A non-invasive alternative for the measurement of blood oxygenation is pulse oximetry. The 

technique is based on the modulation of transmitted light by the absorption of pulsatile 

arterial blood, as well as the differing absorption characteristics of HbO₂ and RHb for 

different wavelengths. The pulsatile arterial blood absorbs and modulates the incident light 

passing through the tissue, thereby forming the PPG signal.  
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As presented in previous sections, the PPG waveform is distinguished by the presence of 

two principal components: the AC and the DC. The AC represents the light observed by the 

arterial blood and is superimpose on a DC signal that relates to the tissue and to the average 

blood volume. The ratio between the AC and DC components is referred to as the perfusion 

index and is an indicator of the amount of blood reaching a specific are of the body [22]. 

The different absorption characteristics of HbO₂, RHb and other tissue components result 

in alterations to both AC and DC values, depending on the LED wavelengths employed. 

The molar absorption coefficient of HbO2 is higher around infrared wavelengths (880 nm), 

while that of RHb is higher around red wavelengths (660 nm). 

In light of the aforementioned information, it is possible to ascertain the value of SpO₂ 

through the following expression: 

𝑆𝑝𝑂2=𝑎𝑅
2+𝑏𝑅+𝑐 (Eq. 5) 

where R is determined by the following equation: 

𝑅=

𝐴𝐶𝑟𝑒𝑑
𝐷𝐶𝑟𝑒𝑑
𝐴𝐶𝑖𝑟𝑒𝑑
𝐷𝐶𝑖𝑟𝑒𝑑

 

(Eq. 6) 

2.1.3.2 Perfusion Index  

 Currently, the gold standard for measuring PPG signal quality is the Perfusion Index 

(PI). The perfusion index is the ratio of the pulsatile blood flow (AC component) to the non-

pulsatile or static blood (DC component) in peripheral tissue. In other words, it is the 

difference of the amount of light absorbed through the pulse of when light is transmitted 

through the tissue, which can be calculated as follows [23]: 

𝑃𝑆𝑄𝐼=[𝐴𝐶/𝐷𝐶]×100 (Eq. 7) 

where 𝑃𝑆𝑄𝐼is the perfusion index, 𝐴𝐶 the pulsatile component and 𝐷𝐶 the non-pulsatile 

component. 

2.1.3.3 Regulatory requirements  

The pulse oximetry must comply with strict regulations to ensure both security and 

performance. The main standard to follow is the ISO 80601-2-61. From this standard, 

guidelines are established to achieve FDA accreditation in the USA and MDR accreditation 

in Europe. The following are the requirements that must be taken into account in this project 

according to ISO 80601-2-61. Additionally, FDA guidelines are presented, which, although 

outside the scope of this project, are important to consider.  
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Standard ISO 80601-2-61 

ISO 80601-2-61, first defined in 2011, updated in 2017 and rectified 2019, defines the 

“particular requirements for basic safety and essential performance of pulse oximeter 

equipmentò [24]. 

A critical aspect is the accuracy of SpO2 measurements, which should have a mean square 

error (MSE) of less than 4% when compared to arterial oxygen saturation (SaO2) in the 70-

100% range. Factors that can affect this accuracy include differences in LED wavelength, 

measurement placement (influenced by capillary density), motion artifacts, and abnormal 

haemoglobin levels [14]. 

FDA requirements 

The FDA requires manufactures to use of “Pulse Oximeters – Premarket Notification 

Submissions [510(k)s] guidance [25], which adopts the standard set out in the ISO 80601-

2-61:2019 [26]. In accordance with these documents, manufacturers must [27]: 

¶ Declare calibration range, reference, accuracy, methods of calibration and range of 

displayed saturation level. 

¶ Provide at least 200 data points uniformly distributed over the 70%-100% saturation 

range.  

¶ Include a diverse sample of subjects in clinical trials, including different ages, 

genders, and skin tones, ensuring that at least 30% of participants have dark skin.  

¶ Meet the error limits: Root Mean Square Error (RMSE) less than 3.0% for 

transmissive devices and 3.5% for reflective devices.  

 

2.2. State of the art 

Photoplethysmography (PPG)-based technology has gained significant relevance in 

recent years, particularly in biomedical monitoring. This progress is reflected in the growth 

of the PPG biosensors market, which was valued at $423.1 million in 2022 and is projected 

to reach $1.2 billion by 2032. Devices such as pulse oximeters, smartwatches, and smart 

wristbands use PPG sensors to measure parameters such as heart rate and oxygen 

saturation [28].  
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In the scientific community, the number of PPG-related articles published has increased by 

176% in the last decade, as is illustrated in Figure 6, highlighting the growing interest in 

PPG technology [29]. This section reviews the commercially available devices that 

integrates PPG for SpO2 estimation and their relevance to sleep monitoring and apnoea 

detection. 

2.2.1 Commercially available systems 

The following subsection provides an overview of the primary devices that use PPG 

sensors to measure SpO2 and other parameters, including systems for sleep monitoring 

purpose. 

Go2Sleep 3 

The Go2Sleep 3 (Figure 7) is a sleep monitoring device designed in the form of a 

ring. It is capable of tracking various parameters, including heart rate, 

heart rate variability, blood oxygen saturation, oxygen desaturation 

events, blood glucose, sleep movements and sleep stages. The device's 

accuracy in measuring SpO2 is reported to be within the medical degree 

measurement range (100%-70%) with an accuracy ratio of 98% and an 

RMSE of 2.23%. Despite the device’s certifications, including RoHs, CE, 

FCC and TELEC, it does not hold FDA certification [30].  

Nellcor™ Max-Fast™ forehead SpO₂ sensor 

This non-invasive forehead sensor (Figure 8) developed by 

Medtronic is designed for SpO2 monitoring in intensive care units and 

during surgical interventions. Its main outstanding features are its 

rapid response time during critical events and its expanded SpO₂ 

accuracy range of 60%-100%. Additionally, it counts with the FDA 

approval [31]. 
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Figure 8: The Nellcor  
Max-Fast  Forehead SpO 
[26]. 

Figure 7: Go2Sleep 
3 sensor [25]. 
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Masimo W1TM 

The Masimo W1™ (Figure 9) is a smartwatch designed for the 

continuous monitoring of health parameters, including SpO₂, perfusion 

index and heart rate estimation. Additionally, it features six electrodes 

for real-time electrocardiogram monitoring. Its SpO₂ measurement has 

an RMSE of ±2% within the range 70%-100%, and is FDA and EN ISO 

80601 certified [32]. 

Third-generation optical PPG sensor (from apple watch series 6, 7, 8 and 9) 

Apple's optical sensor (Figure 10) uses reflective PPG 

technology to estimate SpO₂ and heart rate. It is equipped with 12 

LED emitters with wavelengths ranging from 525 nm to 940 nm, 

ensuring high accuracy, especially for users with different skin 

features. However, it is neither medically certified for SpO₂ 

estimation nor designed for apnoea monitoring [33].  

EmbracePlus 

The EmbracePlus is a portable medical device from Empatica, designed for 

continuous monitoring of physiological parameters. It measures SpO₂, heart rate, 

respiratory rate, and electrodermal activity, among others. With PPG reflective sensors and 

an SpO₂ accuracy of ±2% in the range 70%-100%, this device is suitable for remote patient 

monitoring, but not for diagnostics [34]. 

MAXREFDES280 and MAX81617 module 

The MAXREFDES280 wristband is a wearable system design for optical data 

acquisition system designed for precise optical measurements, such as pulse oximetry and 

heart rate detection. It includes the MAX81617 optical module, a 3-accelerometer together 

with four photodiodes and eight LEDs (in four LED packages) [35].  

2.2.1.1 Comparative of the Commercially available systems 

The following comparative table summarizes the main features of the 

aforementioned devices: 

 

 

 

Figure 9: Masimo 
W1TM [27]. 

Figure 10: Third-generation 
optical PPG sensor  (apple 

watch) [28]. 
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Table 2: Comparative between commercially available systems [30], [31], [32], [33], [34]. 

Device Size Weight Sensors Usage 
SpO2 
range 

PPG type Certificates 
Fs  

(Hz) 

Go2sleep 3 
22 x 30 

x 18 
mm 

6g 
Emmitter: 660 

and 940nm 
Receiver: 1 PD 

domestic 

70% to 
100% 

(RMSE: 
±2,23%) 

Reflective 
PPG at 
Finger 

CE, RoHs, 
FCC, TELEC 

50 

Nellcor™ 
Max-Fast™ 
forehead 

SpO₂ 
sensor 

99.6 × 
36 × 
102.5 
mm 

210g 
Emmiter: 500-

1000nm 
Receiver: 1 PD 

medical 
60% to 
100% 

Reflective 
PPG at 

forehead 
FDA - 

Masimo 
W1™ 

40 mm 
diamete

r 
54g 

Emmimter:500-
1000nm 

Receiver: 6 PD 
domestic 

70 to 
100% 

(RMSE: 
±2%) 

Reflective 
PPG at 

wristband 

FDA, IEC 
60601, EN 
ISO 80601 

1 

Third-
generation 

optical 
heart 

sensor 
(apple 
watch) 

44 x 38 
x 10,4 
mm 

47,1g 

Emmiter: 12 
leds (4 at 

850nm, 1 at 
940nm, 4 at 

660nm and 4 at 
525 nm) 

Receiver: 4 PD 

domestic 
70 to 100 

% 

Reflective 
PPG at 

wristband 
- - 

EmbracePlu
s 

32x32x1
5 mm 

38g 

Emmitter: Red, 
Infra-Red, 

Green 
Receiver:4 
acquisition 

channels (via 8 
photodiodes) 

Medical 
and 

domestic 

70 to 100 
% (RMSE: 

±2%) 

Reflective 
PPG at 

wristband 

CE, FCC, EN 
60601, ISO 

10993 

26 - 
208 

MAX86171 

2.78mm 
x 
1.71mm
, 7 x 4, 
0.35mm 

- 

Emmitter: up to 
9 channels  
Receiver:4 

photodiodes) 
 

Medical 
and 

domestic  
- 

Reflective 
PPG 

suitable for 
wrist, 

finger, ear, 
forehead 

FDA 
1-

2900
Hz 

In general, it is observed that most of the systems share common features. Firstly, all of 

them include a third green LED, which improves their robustness against motion artefacts. 

Moreover, the Apple Watch sensor incorporates a fourth wavelength through the infrared 

spectrum, which provides higher precision as it adapts better to different skin properties. 

Additionally, most of the devices are worn on the wrist. As an exception, the Medtronic 

model performs forehead measurements to reduce the response time to SpO₂ changes, 

making it optimal for critical scenarios such as intensive care unit monitoring. 

Taking all of the aforementioned factors into consideration, the PPG sensors selected for 

these projects have been the MAX86171, due to its versatility in LEDs and photodiode 

configuration, the increased range of sample frequency that allows the extraction of more 

information from the PPG signal, and its usability in different locations, including the 

forehead. However, given that the sensor has been designed for PPG recording and does 

not specify SpO2 estimation capabilities, it is necessary to ascertain its performance in the 

70 to 100% SpO2 range to ensure its effective utilisation in this project. 
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3 Project overview 

In consideration of the objectives of this project, the development of a fully functional 

prototype of the Bitbrain Ikon sleep system's amplifier with an integrated PPG sensor for 

SpO2 is being undertaken, with the aim of meeting the ISO-80601-2-61 requirements to 

achieve medical device certification from the FDA and MDR.  

The project is comprised of several stages, including the validation of the MAX86171 PPG 

sensor, its integration into the Ikon-sleep headband, and the final validation of the 

entire system. This methodological approach ensures the development of a device 

capable of acquiring reliable and accurate measurements, thereby providing a robust and 

functional solution that meets the requirements for pulse oximetry medical device 

certifications. 

In order to contextualise the equipment used in the different phases of the project, a brief 

description of the amplifier components is given. 

3.1 Amplifier components description 

This subsection describes the components provided by the Bitbrain team for 

firmware development and sensor validation. The description focuses on the components 

provided by the company. It should be noted that the circuit design and components were 

selected by Bitbrain's electronics department, while my role was to work with these 

components for firmware development and validation, and to identify areas for 

enhancement.  

The initial prototype is comprised of two principal components: the electronic boards and 

the housing for the device assembly. The electronic components consist of three printed 

circuit Board (PCB) and the battery, as shown in Figure 11: the digital PCB, the SpO2 

adapter PCB and the PPG sensor tower.  

Housing 

Battery 

PPG sensor tower 

Digital PCB 

SpO2 

adapter 

Figure 11: Initial prototype components of the hardware provided by Bit Brain. 
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The summary of the main components and functions of each PCB in recorded in Table 3. 

For a more detailed description, please refer to Annex Section 14.1. 

Table 3: Summary of main components and functions of each PCB. 

PCB Principal components Functions Interconnexion 

Digital 
PCB 

ѐ BL653 

ѐ TXS0108ERGYR 
ѐ Board-to-board 

connector: 504754-2520 
 

ѐ Central control of the device 
ѐ Bluetooth communication with 

driver 

ѐ MAX8171 configuration for data 
acquisition 

ѐ SPI Level adapter 

SpO2 adapter 
PCB 

SpO2 
Adapter 

PCB 

ѐ MAX86171 
ѐ Board-to-board 

connectors: (504754-
2520 and FLE-105-01-G-
DV) 

ѐ Optical data acquisition 
ѐ LEDs control 

Digital PCB 
PPG Sensor 
tower 

PPG 
Sensor 
Tower 

ѐ Osram SFH 7016 (LEDs) 
ѐ VEMD8080 (Photodiode) 

ѐ Light detection and emission for 
optical measurements 

SpO2 adapter 
PCB 

3.2 Project phase 

The project has been divided in three phases to structure and guarantee the 

objectives accomplishment: 

¶ MAX86171 Validation: This phase encompasses the operation analysis of the 

MAX86171 utilising firmware from the MAXREFDES280 testing wristband. The 

primary objective of this phase is to verify the sensor specifications, including the 

perfusion index as a signal quality indicator, in accordance with ISO 80601-2-61 

regulations.  

¶ MAX86171 integration into the Ikon-sleep headband: This stage entails the 

assessment of the Bitbrain system to ensure proper integration, the incorporation of 

the MAX86171 into the Ikon-Sleep headband, and the development of the 

necessary firmware for data acquisition. 

¶ Final system validation:  In the final phase, a validation of the entire integrated 

Ikon-sleep system is conducted, with the objective of replicating the results obtained 

in the MAX86171 validation phase.   
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4 MAX8171 Validation 

The validation phase of the MAX86171 focused on experiments designed to assess 

the viability of the module in meeting the ISO 80601-2-61 requirements for SpO2 estimation. 

In this regard, a series of experiments were designed to test the accuracy, reproducibility 

and performance of the sensor. A total of three principal experiments were performed in this 

phase, which are outlined below:  

¶ Validation Test:  to evaluate MAX86171 sensor accuracy and ensure it meets ISO 

80601-2-61 requirements under simulated conditions. 

¶ Placement Test:  to quantify the sensitivity of the MAX86171 sensor in different 

placements (forehead and finger) to changes in colocation between setups under 

standard SpO2 conditions.  

¶ Hypoxia Test:  to assess the accuracy of the BitBrain sensor under variable SpO₂ 

conditions, including the range requirements set by the ISO 80601-2-61, which 

spans from 70% to 100% oxygen saturation. 

Furthermore, complementary tests were conducted to address issues that were identified 

during the course of the primary experiments. 

The following subsections present the methodology and results of each experiment. 

Moreover, a last subsection presents the complementary tests carried out. 

 

4.1 Methodology 

The objectives, equipment and procedure followed during the different experiments 

of the MAX86171 validation are presented below. 

4.1.1 Validation Test 

4.1.1.1 Objective 

The principal aim of this experiment is to assess the accuracy of BitBrain's proposed 

system for PPG measurement, which includes the SpO₂ adapter with the MAX86171 

sensor, and PPG tower PCBs, and to verify that the system complies with ISO 80601-2-61 

saturation range requirements under simulated conditions achieving the highest accuracy.  

4.1.1.2 Equipment 

 The instrumentation employed in the forthcoming validation test is detailed below. 

This equipment consists of a signal simulator, the BitBrain board to be evaluated (with the 
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MAX86171 sensor), the PCB board with firmware (MAXSENSORBLE_EVKIT_B), a mould 

to minimize ambient light noise and the MAXREFDES280 PPG app for data recording: 

- Signal simulator: The WhaleTeq Test Solutions AECG100 model, shown in picture A 

from Figure 12, was used. It is a simultaneous ECG and PPG analog signal simulator. 

 

- BitBrain-designed PCB: Includes both SpO2 adapter and PPG sensor tower PCBs 

(Picture B from Figure 12). 

 

- MAXSENSORBLE_EVKIT_B: The evkit PCB (Picture B from Figure 12) from the 

MAXREFDES280 wristband was utilized to operate the SpO₂ adapter PCB developed 

by BitBrain. The use of the MAXREFDES280 firmware enables the proper functioning 

of the SpO₂ adapter while BitBrain's custom firmware is under development. 

 

- Mould: A 3D-printed mold (picture C from Figure 12) was used to standardize the 

external light conditions and the sensor placement with respect to the simmulated 

emmiter, and improve the accuracy of the sensor measurements, thus facilitating 

repeatability of the tests. 

 

- MAXREFDES280 PPG app: The application provided by the MAXREFDES280 

wristband was used as software to capture the PPG signals, recording the data from 

channels red and infrared LEDs. The application with the configuration used is 

visuallized in picture D from Figure 12. This configuration includes the parameters 

required to obtain the raw data, i.e. without using the accelerometer or any other 

A B C 

spO2 adapter PCB evkit PCB 

Figure 12: Equipment  used in the Validation Test: A) WhaleTeq Test Solutions AECG100 model, B) Presents 
the SpO2 adapter, PPG tower and evkit PCBs mounted inside the housing, C) Mould used to cancell ambient 

light, and D) MAXREFDES280 wristband application with the used configuration. Own elaboration. 

Reflective module 

D 
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processing method provided by the MAX86171 module. In addition, the LED drive 

current was set individually for each LED. 

4.1.1.3 Procedure 

The procedure followed in the experiment is outline below: 

1. Simulation of SpO2 Signals: To simulate SpO₂ signals, five different equations were 

tested by varying the coefficients a, b, and c in Eq. 5 from Section 2.1.3.1, and adjusting 

the SpO₂ percentage. From these equations, line 3 corresponds to a real line case, 

while the others correspond to variations of line 3 with increased or lowered slopes. The 

simulated values ranged from 70% to 100% in increments of 5%. Here, 𝑆𝑝𝑂2  represents 

the oxygen saturation, and 𝑅 refers to the ratio of AC and DC components as described 

in Eq. 6 from Section 2.1.3.1. The five equations tested are presented below: 

 

o Line 1: SpO2 values from 75% to 100%, increasing in 5% steps. 

𝑆𝑝𝑂2=112.7−34.7𝑅+1.6𝑅
2 (Eq. 8) 

o Line 2:  SpO₂ values from 80% to 100%, increasing in 5% steps. 

𝑆𝑝𝑂2=108−23𝑅 (Eq. 9) 

o Line 3: SpO₂ values from 85% to 100%, increasing in 5% steps. 

𝑆𝑝𝑂2=103−14−0.5𝑅
2 (Eq. 10) 

o Line 4: SpO₂ values from 70% to 100%, increasing in 5% steps. 

𝑆𝑝𝑂2=112.7−34.7𝑅−10.6𝑅
2 (Eq. 11) 

o Line 5: SpO₂ values from 70% to 100%, increasing in 5% steps. 

𝑆𝑝𝑂2=120−70𝑅+1.6𝑅 (Eq. 12) 

Figure 13 shows the software interface provided by WhaleTeq Test Solutions, with the 

modified parameters highlighted in red. 

Figure 13: WhaleTeq Test Solutions software for PPG signal simulation. Own elaboration. 
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2. Data recording with BitBrain’s prototype: The recording setup involved placing 

the prototype device into a 3D-printed mold to minimize ambient light interference. The 

mold, along with the prototype, was positioned on the SpO₂ reflection module of the 

simulator. Each recording lasted for one minute. 

3. Analysis of the stored signals: The recorded signals were analyzed using a 

BitBrain script to calculate the R values using the formula provided in Eq. 6. The AC and 

DC components required for this calculation were extracted directly from the recorded 

signals using the BitBrain signal procesing algorithms. The analysis evaluates two 

parameters: the Relative Mean Square Error (MSE) between the obtained lines and the 

ground truth, and the difference in slope, calculated as the angle between the ground 

truth and the obtained lines. It is important to assess the slope, since this will determine 

the impact of the R variability in the SpO2 error. Increased sensitivity to R variability is 

indicated by higher slopes, while flatter slopes allow for greater flexibility in R variability. 

The experimental setup is illustrated in Figure 14. 

 

4.1.2 Placement Test 

4.1.2.1 Objectives 

The objective of this study is to analyse the variability of BitBrain's prototype 

(including MAX81617 sensor) when its placement is changed in order to assess its 

repeatability in different positions (finger and head). To this end, the consistency of the 

sensor within a subject is being assessed, as well as the difference in consistency between 

finger and head recordings. Finally, the usability of the sensor in real-life scenarios is also 

evaluated. 

Figure 14: Recording Setup used in the Validation Test. Own elaboration. 
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4.1.2.2 Equipment 

The equipment included SpO2 adapter PCB (with the MAX8617 sensor) mounted 

on two prototypes. Each of them designed to measure at a different placement: one for the 

forehead and the other for the finger. Furthermore, two computers with the 

MAXREFDES280 software installed were necessary for the storage of the recorded data. 

Figure 15 presents both prototypes: (a) the finger prototype and (b) the forehead prototype. 

The forehead prototype comprises the SpO2 adapter PCB connected to the 

MAXREFDES28 evaluation kit PCB, both mounted within a protective housing. To ensure 

a secure fit on the head, the housing is attached to a band with an adjustable Velcro 

fastener. Furthermore, two sponges are integrated to guarantee a consistent contact 

surface, thereby enhancing ergonomic use and stability during testing. 

The finger prototype uses the same electronics and housing as the forehead prototype but 

includes a Velcro strap specifically designed to secure the device to the finger during testing. 

4.1.2.3 Procedure 

A total of ten subjects were included in the study. The experimental protocol entailed 

the placement of the two sensor prototypes: one on the forehead and the other in contact 

with the index fingertip. Each subject performed three placement trials at standard 

conditions, that is without modifying their SpO2, thus the same SpO2 level is assumed for 

all subjects. On each trial, the prototypes were removed and repositioned in their assigned 

location. Prior to the initiation of data acquisition, the quality of the signal was assessed to 

ensure correct identification of the PPG signal, which is an essential criterion for the validity 

of the recorded data. Figure 16 illustrates an example of a signal that was deemed valid for 

analysis, in contrast to an example of a signal that was deemed unacceptable. 

A B 

Figure 16: Example of recorded PPG signal as viewed through the MAX86171 viewer. A) An example of an 
acceptable signal quality. B) Unacceptable signal quality. Own elaboration. 

Sponges 

Adjustable 

band 

PPG 
Velcro strap 

A B 

Figure 15: A) Bitbrains finger prototype. B) Bitbrian foreahed prototype. Own elaboration. 
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4.1.3 Hypoxia Test 

4.1.3.1 Objective 

The aim of this experiment is to assess the performance of the BitBrain sensor under 

a ranged SpO₂ percentage conditions and to determine its accuracy within the SpO₂ range 

proposed by the ISO 80601-2-61, which spans from 70% to 100% oxygen saturation. The 

protocol for these tests, in addition to a comprehensive explanation of the Hypoxia test, is 

delineated in the guide provided by Analog Devices [36] which is the same used in [37].   

4.1.3.2 Equipment 

To assess the performance of the BitBrain sensor within the SpO₂ range of 70% to 

100%, the following equipment was used (Figure 17): 

o Oxygen pumps:  oxygen pumps with specific oxigen concetrations were utilized 

to generate different hipoxia levels. The concetrations used were 15%, 11%, 9% 

and 7%. 
 

o Sensors: The following sensors were employed to record the PPG signal from 

different body locations. 

ѐ Bitbrain’s prototypes: the finger and forehead prototypes used in the 

placement test were included.  

ѐ MAXREFDES280 wristband sensor: a reference device using the 

MAX86171 module was used to record the PPG signal at the finger.  

ѐ Medical-Grade SpO₂ Sensor: A medical-grade SpO₂ sensors were used 

for both finger and forehead measurements, providing reliable and accurate 

SpO₂ reference readings for comparison. 
 

o Complementary accessories:  

ѐ Nasal clip: Used to prevent subjects from breathing air with uncontrolled 

oxygen concentrations through the nose. 

ѐ Breathing bag: the non-diffusing gas collection bags series 6005 model 

was used to facilitate the ventilatory mechanics during the test. 

ѐ Two-way valve: The T-Shape Configurations 2600 Medium model was 

employed to control inhalation and exhalation of gas mixtures. This valve 

Figure 17: Hypoxia text setup. Own elaboration. 
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ensures unidirectional airflow, preventing carbon dioxide from entering the 

breathing bag.  

4.1.3.3 Procedure 

The experiment was conducted on a total of 10 subject, following a standardize 

procedure of preparation and recording. 

The preparation steps include: 

1. The two-way valve desinfection to ensure hygiene. 

2. Sensor placement: The complete sensor placement configuration is illustrated in 

Figure 17. 

¶ Head sensors: The BitBrain forehead sensor was place at the right of the medical-

grade SpO₂ reference sensor, both located at the forehead. 

¶ Finger sensors:  

ѐ The medical-grade SpO₂ reference sensor was attached to the index finger. 

ѐ The BitBrain finger sensor was placed on the middle finger. 

ѐ The MAX86171 commercial sensor was attached to the ring finger. 

3. Signal quality assess: The signal quality of both the reference sensors and the sensors 

under evaluation was analyzed. Signals were considered valid if the PPG waveform was 

correctly identified. If the signal quality was insufficient, the sensors were repositioned 

until a reliable signal was obtained. 

Once all sensors were properly placed and the signals were validated, the hypoxia test 

began. The process involved exposing subjects to five different oxygen saturation states: 

1. Breathing room air (normal oxygen levels). 

2. Use of the oxygen cylinders at the concentrations of 15%, 11%, 9% and 7%. 

Subjects remained at each of the four first stages for three minutes and two minutes in the 

state with an oxygen concentration of 7%. Throughout the test, a medical professional was 

present to monitor the subject’s condition, oxygen saturation, and pulse. If a subject’s 

oxygen saturation level reached 70%, the recording was stopped one minute after reaching 

that threshold with the medical-grade SpO2 head reference. 
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4.2 Results and Discussion 

The results, discussion and conclusions obtained in the different experiments of the 

MAX86171 validation are presented below. 

4.2.1 Validation Test 

As already mentioned in the Methodology (section 4.1.1.1) the objective of this test 

is to evaluate MAX86171 sensor accuracy and ensure it meets ISO 80601-2-61 

requirements under simulated conditions. 

4.2.1.1 Results 

The MSE obtain for each Line as well as the angle between the slope of each Line 

with respect to the ground truth are presented in Table 4: 

Table 4: Meen Square error and angle between obtained lines and ground truth lines. Own elaboration. 

Line MSE (%) Angle (º) 

1 0.54 0.07 

2 0.29 0.14 

3 0.11 0.19 

4 1.23 0.06 

5 2.51 0.03 

Mean 0.936 0.098 

The R values obtained with the MAX86171 sensor for each simulated Line and SpO2 level 

are shown in Figure 18 below. The samples obtained for each line are represented in a 

different colour. In addition, SpO2 regressions have been obtained from these data, shown 

Figure 18: Representation of the lines calculated using the data recorded from BitBrain's sensor in 

comparison to the ground truth, which corresponds to the simulated lines. Own elaboration. 
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as dashed lines in the appropriate colours, together with the ground truth lines shown in 

black. 

From Figure 18, a high concentration of R samples obtained for each SpO2% can be 

observed. In general, all the lines obtained present a slight increase in offset compared to 

the ground truth, which can be rectifies with a calibration phase. 

Regarding the MRS, the largest deviations were recorded in lines 4 and 5, with values of 

1.23% and 2.51%, respectively, for the MAX86171 sensor. The smallest deviations were 

observed in line 3, with an MRS of 0.11%, followed by line 2 with a value of 0.29%. 

As for the variation in slope, in all instances, the MAX86171 sensor demonstrates a 

reduction in slope compared to the ground truth, with the lowest values observed in line 5 

(0.0344º). In contrast, the largest variations were found in line 3 (0.1875º). 

4.2.1.2 Discussion 

The high concentration of the R samples obtained with the sensor indicates high 

reproducibility of the sensor measurement in simulated conditions. Additionally, the reduce 

MSR values obtained suggest that the lines calculated from sensor-derived samples are 

adjust to 0.936 % of the ground truth. 

Moreover, when analysing the results of line 3, which corresponds to a SpO2 line obtained 

under real-world conditions, the smallest values of MSE are observed, indicating that the 

sensor appears to have higher precision with real-world Lines. The slope reflects the 

sensor's sensitivity in converting R values into SpO2; higher slopes indicate greater 

sensitivity, which could make the system more prone to errors if R is unstable. In this study, 

the obtained lines are practically aligned with the ground truth with mean angle error across 

all lines of 0,0978º, indicating that the system accurately interprets the relationship between 

R and SpO2. Furthermore, the reduced slope values extend across all lines, indicating 

consistency between them. 

4.2.1.3 Conclusion 

The MAX86171 demonstrates high precision under controlled conditions with 

synthetic signals, with mean MSE values significantly below the ISO 80601-2-61 

requirements and below other commercially available alternatives with RMSE around 2 % 

(Table 2). Moreover, the relationship between R and SpO2 is consistently interpreted, with 

no significant deviations in the slope. However, the increased values in the MSE in Line 4 

and 5 could be improved by adjusting the sensor´s calibration. These results suggest that 

the next phase of validation should focus on assessing this precision under real-world 

conditions. 
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4.2.2 Placement Test 

As already mentioned in the Methodology (section 4.1.2.1) the objective of this test 

is to quantify the sensitivity of the MAX86171 sensor in different placements (forehead and 

finger) to changes in colocation between setups under standard SpO2 conditions.  

4.2.2.1 Results 

Figure 19 illustrates the R values obtained for each subject and sensor placement, 

shown on the right. In this context, R represents a parameter inversely proportional to 

oxygen saturation (SpO₂). Each placement is represented by a distinct symbol (triangle, 

cross, and star) for each subject, with head data displayed in red and finger data in green. 

The four graphs on the left present the PI (section 2.1.3.2) in relation to the R values for 

each subject and placement. Each graph displays the value from each channel (red of 

infrared) and sensor location (finger or head) calculated for each pulse of the signal.  

Regarding the intersubject variability, a higher variability of 0.17 is obtained in the head (R 

values from 0.35 to 0.52) than the 0.12 obtained in the finger (R values from 0.44 to 0.56). 

The higher R values obtained in the finger indicate that the sensor has detected lower 

oxygen saturation at this position. 

Overall, the R values demonstrate a notable degree of stability at both locations, with 

minimal variation between placements, what suggest the reproducibility of the sensor 

measurements. However, subject 10 exhibits considerably elevated R-values and greater 

Figure 19: The right graph shows the R values calculated for each subject and position under constant 
SpO2 conditions, with head results shown in red and finger results shown in green. Moreover, the standar 
deviation of the measurements is resperensted with the shaded area. The left graphs shows the perfusion 
index calculated in relation to R, for both finger and head positions, and for the red and infrared channels. 

Own elaboration. 
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variability compared to the other subjects with regard to the head sensor. In contrast, subject 

9 exhibits slightly diminished R-values compared to the average, positioning itself towards 

the left in the graph. 

In relation to the intrasubject variability, a mean value of ±0.05 was observed between 

placements for the majority of subjects. Subject 6 shows the highest variability between 

placements, especially in forehead location, with a range of approximately 0.2. It is 

noteworthy that each placement demonstrated separability. This behaviour was also 

observed in subject 1, although with a greater degree of overlap between collocations. For 

the remaining subjects (2, 3, 4, 5, 7, 8 and 9), the variability between collocations remained 

within a range of ±0.05. When all subjects are considered, the range of R is 0.4 (0.3-0.7) 

for measurements taken at the head and 0.2 (0.4-0.6) at the finger. However, when subject 

10 is excluded, the range of R at the head is reduced to 0.2 (0.3-0.5), which reflects a 

greater consistency in the measurements without including this extreme value.  

Regarding the PI, a similar trend is observed in almost all subjects. The PI range is higher 

for the infrared channel than for the red channel in both placements. Specifically, for the 

finger, the PI ranges from 0.038 to 0.6 in the red channel and from 0.1 to 1 in the infrared 

channel. For the head, the PI ranges from 0.025 to 0.175 in the red channel and from 0.1 

to 0.4 in the infrared channel. Furthermore, when comparing placements, the finger setup 

shows higher values compared to the head results. 

Finally, it can be observed that, in general, R values at the head tend to be lower than those 

obtained at the finger, which indicates a difference in readings between the two sensor 

locations. 

When analysing the obtained signal from finger and head, waveform differences are 

observed. For most of the subjects the diastolic peak disappears in the signals obtained in 

the head. In addition, the relationship between the duration of the anacrotic phase (systole) 

and the catacrotic phase (diastole) is also altered, with the anachronic phase being much 

shorter in the signals recorded on the finger. An example of this behaviour is shown in 

Figure 20 with the signals of Subject 1. 

Finger   Head 

 

  

 Figure 20: PPG signals obtained with the BitBrain sensor on the finger (left image) and on the head (right 

image). Own elaboration. 
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4.2.2.2 Discussion 

As presented above, the R values obtained at the head are lower compared to those 

from the finger (Figure 19). This suggest that the oxygen saturation levels recorded by the 

sensor is lower at the peripheral level (at the fingers) compared to the central level (at the 

head). This pattern aligns with the physiology of oxygen transport, as limb perfusion can 

fluctuate due to factors such as temperature, blood pressure and vasoconstriction [32]. 

Considering as reference the sensor calibration line 3 from the validation test, the 

intervariability range presented at both locations implies less than a 3,5% error in the SpO2 

calculated.  

When analysing the discrepancy in subject 10, we see that, according to the sensor 

measurement, this subject has a lower-than-average SpO2 level. When measuring the 

subject's oxygen saturation, a value of around 95-96% is observed, which is consistent with 

the hypothesis of a slightly lower SpO2. Therefore, this subject is discarded in the calculation 

of the range and variability of the placement test, to avoid his behaviour affecting the overall 

results. 

The intra-subject variability, especially in subjects 6 and 2 suggests that the PPG sensor is 

very sensitive to placement with variations of up to ±0.1 between placements. This 

behaviour can be attributed to the likelihood of catching a tissue with higher capillarity during 

placement. 

Regarding  inter-subject variability, the observed range  can be attributed to factors such as 

skin tone, capillary distribution variability, and additional elements like temperature and 

vasoconstriction (especially at the finger) [38]. These factors may influence surface 

reflection conditions, blood perfusion capacity, and consequently the AC and DC levels of 

the PPG signal [39]. 

PI is an indicator of peripheral capillary perfusion, so the fingers have a higher perfusion 

signal compared to other areas such as the head. This is primarily due to the denser 

capillary network and stronger pulse flow in the fingertips. Additionally, peripheral 

vasoconstriction, which is more pronounced in response to cold or stress, contributes to 

these differences. Under normal conditions, this leads to increased pulsatile perfusion [22], 

which explains the higher PI values observed in the finger relative to the head. 

The morphology variations observed between finger and head PPG signals can be 

attributed to the physiological circulatory differences between the central (head) and 

peripheral (finger) regions. In the finger, the distance from the heart and the increase in 

arterial branching result in a more pronounced dicrotic peak after the aortic valve closure.  

Conversely, in the head, the shorter distance to the heart causes the dicrotic peak to be 

less pronounced or, in some cases, not visible in the PPG signal as is observed in the 
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example of subject 1 [8]. The reduced anacrotic phase observed in the finger can be 

explained with the increased vascular elasticity of peripheral regions, which facilitates a 

more pronounced and faster anacrotic phase [40].  

Despite these variations, considering as sensor calibration reference the Line 3 from the 

validation test, which corresponds to a real case, the sensor demonstrates sufficient stability 

to maintain an error margin below 3.5% during a hypoxic test, as required by the ISO 80601-

2-61, with an obtained range of 0.2 at both the finger and head. 

4.2.2.3 Conclusion  

In conclusion, this experiment has demonstrated the influence of measuring the PPG 

signal at different position including finger and head, under constant SpO2 conditions. The 

observed intra-subject variability suggests that the BiBrain sensor is highly sensitive to the 

placement of the measurement. Increasing the number of receiver and emitter components 

in the sensor could help capture denser capillary tissue, thereby reducing sensor sensitivity 

to placement.  

The inter-subject variability is influenced by individual characteristics such as skin 

properties, physiological conditions, and capillary distribution. This underscores the 

importance of personalizes the analysis of results, in order to identify factors that can be 

adapt in the sensor according to user measurements.  

Despite the identified inter-subject variability, considering as reference the calibration Line 

3 from the Validation test, the sensor is sufficiently stable and robust to remain within the 

3.5% error allowed by the ISO 80601-2-61 under constant SpO2 conditions. This suggests 

that similar performance could be expected when calculating the calibration line of the 

sensor through the hypoxia test.  

4.2.3 Hypoxia Test 

As already mentioned in the Methodology I (section4.1.3.1) the objective of this test 

is to assess the accuracy of the BitBrain sensor under variable SpO₂ conditions, including 

the range requirements set by the ISO 80601-2-61, which spans from 70% to 100% oxygen 

saturation. 

4.2.3.1 Results 

During the test, the reference recording from the forehead sensor of Subject 4 was 

lost and, consequently, excluded from the analysis. Additionally, Subject 8 required 

repositioning of the BitBrain forehead sensor midway through the test, which affected the  
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consistency of the results. 

Three more subjects (1, 3, and 10) were 

removed from the study due to significant 

discrepancies (≥3% SpO₂ difference) 

between the reference sensors: Subject 1 

(Finger: 98%, Head: 95%), Subject 3 

(Finger: 95%, Head: 98%), and Subject 

10 (Finger: 95%, Head: 98%). These 

differences led to calibration offsets that 

negatively impacted the slopes of their 

calibration lines. Specifically, Subject 2 

exhibited a negative offset in the head 

calibration line, while Subjects 3 and 10 

showed positive offsets. It is therefore 

evident that the results obtained for these 

subjects are representative of the worst 

possible scenario.  

From Figure 21, it is observed that the 

Bitbrain forehead exhibits greater 

dispersion in the samples at higher SpO2 

levels. This behaviour is particularly 

evident in subjects 8 (increased noise), 

10 (delay between R and SpO2 value) 

and 5. Conversly, the finger recordings 

showed increased dispersion at lower 

SpO2 levels, especially for the BitBrain 

finger sensor compared to the MAX86171 

commercial sensor. A notable example of 

this is Subject 6. 

Regarding the slopes and R ranges of the different sensor, some differences are found. The 

steepest slope is presented in the Bitbrain’s forehead sensor (-40% and R range from 0.3 

to 1.05), followed by the MAX86171 comercial sensor at the finger (-35,29 % R range from 

0.35 to 1.2) and finally, the flattest slope is presented in the Bitbrain’s finger sensor (-33,33% 

R range from 0.35 to 1.25). In general, most of the subjects follow a similar slope across 

the sensors, with two exceptionss: subject 5 at the Bitbrain’s finger sensor who shows a 

steeper slope and subject 6 who demonstrates two distinct slopes for the ranges of 100–

85% and 85–70% SpO₂. 

Figure 22 presents the DC, AC and the PI values obtained for each channel and subjects 

 
A) Bitbrain’s Forehead sensor 

 
B) Bitbrain’s finger sensor 

 
C) MAX86171 comercial sensor at the 

finger. 

 

Figure 21:  Calculated R values from the row signals 
pulses recorded with respect to the SpO2 level obtained 
with the different evaluated sensors: a) BitBrain forehead 
sensor, b) BitBrain finger sensor, and c) MAX86171 
comercial sensor at the finger. Own elaboration. 
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across all the SpO2 levels, comparing the performance of the Bitbrain forehead sensor, the 

Bitbrain finger sensor, and the MAX86171 commercial sensor. 

A) Bitbrain’s Forehead sensor  
 

B) Bitbrain’s finger sensor  
 

C) MAX86171 comercial sensor at the finger. 

Figure 22:  AC, DC and Perfussion Index obtain with the different sensors. a) BitBrain forehead sensor, b) 

BitBrain finger sensor, and c) MAX86171 comercial sensor at the finger. Own elaboration. 
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Regarding the DC component, all sensors exhibit a consistent trend across the red and 

infrared channel, indicating stability regardless of SpO₂ levels. However, notable 

differences are observed in the magnitude of these values. The Bitbrain sensors show 

higher values (DC red: 80000-100000, DC infrared: 70000-100000), with greater variability 

between subjects. On the contrary, the MAX86171 commercial sensor exhibits significantly 

lower DC values (DC red: 5000-7500, DC infrared: 4000-12000), indicating a more stable 

and lower signal output. 

For the AC component, all sensors show a consistent trend in the infrared channel. On the 

other hand, differences emerge in the red channel. The Bitbrain’s forehead sensor and the 

MAX86171 commercial sensor shows an increased tendency in the AC component 

correlated with SpO2 levels decrease, with values in the range of 0 to 400. On the other 

hand, the Bitbrain’s finger sensor maintain a constant tendency in the AC along the SpO2 

levels, with higher values ranging from 0 to 600. Among the subjects, the highest AC values 

are recorded for Subjects 8, 9, and 10, while the lowest values are consistently observed 

for Subjects 5, 6, and 7 across all three sensors. 

As illustrated in Table 5, the mean root mean square error (RMSE) has been calculated 

between the line obtained for the MAX86171 (forehead and finger) and the SpO2% and R 

values extracted from the pulses of the different subjects: 

Table 5: Root Mean Square (RMS) calculated for each subject with respect to the regression line for each 
sensor. Own elaboration. 

Subject MAX86171 finger sensor RMSE (%) MAX86171 forehead sensor RMSE (%) 

1 1.51 5.30 

2 0.64 1.21 

3 2.21 2.83 

5 2.65 1.82 

6 1.05 2.27 

7 3.16 2.28 

8 0.55 1.59 

9 1.68 1.65 

10 1.80 3.23 

Mean 1.69 2.37 

In general, the RMSE values obtained for the finger (mean RMSE of 1.69%) are lower than 

those obtained for the head (mean RMSE of 2.37%). Among the subject cases analysed, 

the majority of subjects fall within the error values defined by the ISO 80601-2-61. However, 

subject 1 (5.30%>3.5%) at the head have an RMSE that exceeds the ISO 80601-2-61 

requirements (4%). 
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4.2.3.2 Discussion 

The increased variability observed in the Bitbrain’s prototype placed at the  forehead 

(Figure 21) can be explained with the increased noise presented in signals related to the 

increased head movements of the subjects during the start minutes of the test (stretcher 

position adjustments). On the contrary, the higher variability in the lower levels of SpO2 in 

the finger sensor recordings, can be explained with the hand’s movements increase due to 

the subject’s stress caused by air deprivation.  

The steeper slope (Figure 21) obtained with the forehead sensor suggests that the Bitbrain 

sensor in this position is more sensitive to changes in SpO2 level compared to finger 

measurements. The variation in slope obtained with the Bitbrain finger sensor in subject 5 

can be explained by physiological changes such as colder finger temperatures 

(vasoconstriction). This highlights the inclusion of physiological changes in the data 

measured by the sensors. 

The difference in the DC component (Figure 22) obtained with the commercial MAX86171 

sensor compared to the Bitbrain sensors can be explained by the difference in the design 

of the sensors, since the distance between the LEDs and the photodiode is much larger in 

the commercial device. Similarly, the distance between the receivers and the skin contact 

zone is also smaller in the commercial MAX8161 sensor, which may have an influence in 

reducing the DC level. This effect results in the higher perfusion index obtained with this 

sensor. 

The upward trend in the AC level of the red channel, mainly observed in the Bitbrain 

forehead sensor, is explained by the increased absorption of red light by deoxygenated 

haemoglobin. Thus, as oxygen saturation decreases, the proportion of deoxygenated 

haemoglobin (Hb) increases. As Hb has a higher absorption of the red wavelength, it 

intensifies the pulsatile effect on the PPG signal of this channel, i.e. an increase in the AC 

component.  Moreover, under hypoxic conditions, the body prioritises perfusion of central 

areas such as the brain (including the forehead), which may amplify pulsatile variations 

compared to peripheral areas such as the finger.  

With regard to the RMSE obtained (Table 5), the majority of subjects remain below the error 

limit stipulated by the ISO 80601-2-61. Analysis of subject 1, which exceeds the 3.5% error 

limit, reveals that the slope of its line is equivalent to the slope of the general line.  

4.2.3.3 Conclussions 

The results show that the Bitbrain’s prototypes are sensitive to motion artefacts, both 

on the forehead and on the finger, which affected the stability of the signals, especially 

during the first moments of the test or when the subjects experienced stress. 
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To mitigate these effects, it might be useful to better control the tension of the band that 

holds the sensor on the forehead, as well as to use the green channel signal, which is more 

robust to noise, to eliminate interference from the red and infrared channels. Other signal 

processing techniques, such as independent component analysis (ICA), could also be 

explored to identify these artefacts, or even using the accelerometer included in the Bitbrain 

sleep monitoring band to detect unwanted movements. 

In comparison, the commercial MAX86171 sensor presented better results in terms of PI, 

which is due to its design, which includes a smaller distance between the sensor and the 

skin and higher distance between transmitter and receiver.  

To improve the quality of Bitbrain sensor measurements redesigning the device to increase 

the distance between the LEDs and the photodiode could be a promising solution to reduce 

noise, and improve the sensor-skin contact interface, which would allow for clearer and 

more stable signals. 

The Bitbrain’s prototype placed on the forehead showed a steeper slope in the calibration 

curve, indicating greater sensitivity to changes in SpO₂ levels. This increase in slope is 

attributed to a greater impact on the AC component of the red channel, related to the 

increase in deoxygenated haemoglobin as oxygen saturation decreases, and to the 

prioritisation of perfusion in central areas of the body, such as the head, during hypoxia. 

Finally, the RMSE results suggest that, for most of the subjects, the Bitbrain forehead 

prototype complies with the ISO 80601-2-61 requirements. For the cases where the RMSE 

exceeds the 4% threshold, calibration strategies to personalise the regression line or 

adaptability strategies—such as incorporating changeable multiwavelength sensors or 

adjusting LED intensity—could be implemented to reduce the RMSE values. 

 

4.3 Complementary tests 

The following complementary tests were performed in order to investigate issues that 

were identified during the primary tests of the MAX86171 validation. 

4.3.1 Assembly Test 

During the validation test a discrepancy was observed between the results obtained 

from different recordings with the same sensor. A detailed analysis of the hardware revealed 

a slight displacement at the connection point between the PPG tower PCB and the SpO2 
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adapter PCB, caused by the tension created during 

the assembly process within the housing. 

Additionally, a lack of stability was observed in the 

connection between the LED tower and the 

connector. These hardware anomalies are illustrated 

in Figure 23. Considering these findings, the 

assembly test experiment presented in the Annex 

14.2.1 is proposed. 

This test has revels that the assembly of the sensor 

on the housing introduces an RMSE error of up to 

0.35%. Moreover, special attention should be given 

to the positioning of the light-emitting diodes (LEDs) 

and the photodiode relative to the glass that makes 

contact with the skin, particularly to avoid tilt. These test highlights the requirement of a 

validation protocol during the manufacturing process of the final device, for example validate 

the sensor with the simulator, in order to ensure the correct assembly of the system. 

4.4 Conclusions  

In conclusion, this phase has demonstrated the accurate performance of the sensor 

in simulated conditions, standard SpO2 conditions and the promising results obtained in a 

wider range of evaluated SpO2 conditions. However, the increased RMSE obtained in the 

hypoxia test for one of the subjects suggests that personalised strategies should be 

implemented to improve the performance of the sensor in all conditions. 

Nevertheless, the sensor is accurate enough to meet the ISO 80601-2-61 requirement for 

obtaining medical certification. Therefore, this sensor is optimal to be integrated into 

Bitbrain's sleep monitoring headband, Ikon-sleep. 

 

 

 

 

Figure 23: Displacements at the connection 
points between the PPG tower PCB and the 
SpO2 adapter PCB. Own elaboration. 
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5 MAX86171 integration into the Ikon-sleep 

headband  

This phase encompasses the development necessary to integrate the MAX86171 

sensor into the medical sleep monitoring headband. This involves adapting the prototype 

to implement the necessary changes identified during MAX86171 validation phase, studying 

the workflow of the Bitbrain systems to ensure integration, developing the firmware to 

allow the sensor to interact with the rest of the system and correctly acquire the PPG signals 

required for SpO2 measurement, and validating the firmware operation. A detailed 

exposition of these processes can be found in the Methodology (section 5.1), with the 

results of the firmware validation reported in the Results (section 5.2). 

5.1 Methodology 

5.1.1 Prototype adaptations  

This subsection describes the proposed prototype changes to adapt to the 

requirements identified during Phase I. These changes include PPG tower reconfiguration 

to optimize the sensor surface, and increased distance between emitter and receiver to 

improve the PI, and PPG tower stability optimization to minimize introduced assembly 

errors.   

a) PPG tower reconfiguration: Two versions of sensor configurations for the PPG tower 

have been proposed, these are presented below. 

Version 1: Unique increased distanced emitter and receiver module  

The first proposal (Figure 24) considered consisted of one multi-led module, with 

infrared, red and green LEDs, for the emitter component and a photodiode for the receiver 

part, placed in a greater ditance in compared to the initial prototype described in Annex 

14.1.3. 

 

Figure 24: Sensor configuration version 1 for the PPG tower PCB. Own elaboration. 
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Version 2: Double emitter and receiver module  

Considering the improvements in the perfusion index observed during the hypoxia 

test (Section 4.2.3.1), when increasing the distance between the LEDs and the photodiode, 

as well as the influence of the placement in the signal quality, a new configuration has been 

proposed together with the BitBrain team for the PPG tower PCB. 

In this new arrangement two pairs of multi-chip LEDS modules are placed at the ends of 

the PCB and two of photodiodes in the middle. Due to the dimensional constraints of the 

piece, which must fit into the housing, only 5 of the 6 LEDs have been connected. These 

include the red, infrared and green LEDs of the upper multichip module, and only the red 

and infrared LEDs of the lower multichip module. The proposed configuration is illustrated 

in Figure 25. 

The selection is based on the purpose of the green LED signal, which is utilised to enhance 

the robustness to movement artefacts in the BitBrain signal processing algorithms. 

Consequently, a single source of green light is sufficient. 

With this configuration, the aim is to enhance the probability of capturing a capillary during 

the measurement process, therby minimising the necessity for repositioning the sensor. 

Furthermore, the distance between the LEDs and the photodiodes is maximised to enhance 

the quality of the signal obtained. It is noteworthy that these modifications can be 

implemented without the necessity of redesigning the housing.  

 

b) PPG tower stability optimization  

In order to minimise vertical axis displacements of the 

PPG tower in the connection with the SpO2 adapter PCB, as 

identified during the assembly test (section 14.2.1), a mechanical 

fixation is required (Figure 26). Several alternatives were 

evaluated for this purpose, including the use of a silicone fixation, 

which was dismissed as the material's elasticity would not prevent 

displacement. Consequently, the utilisation of a mechanical 

covering 3D-printed in polylactic acid (PLA) was identified as a 

Figure 26: Mechanical piece 
for desplacement reduction. 
Own elaboration. 

Figure 25: Sensor configuration version 2 for the PPG tower PCB. Own elaboration. 
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simple alternative to minimise tensional movement. 

Additionally, a more robust fixation of the components within the housing is necessary. 

Using screws to secure the electronic PCBs to the housing could be an effective alternative. 

5.1.2 Bitbrain’s workflow requirem 

To ensure sensor integration, it is crucial to comprehend the communication 

structure between BitBrain devices and BitBrain applications. For firmware development, 

the BitBrain Internal Viewer application was provided by the BitBrain team to test firmware 

functionality.  

The interaction between BitBrain devices and applications is managed by the Driver, which 

uses BitBrain’s internal communication protocol. The Driver workflow starts by selecting the 

connection type, which, in the case of this project, is a Bluetooth Low Energy (BLE) 

connection. Once the connection is established, a set of commands is exchanged between 

the Driver and the device, including signal data, buffer size, and transmission frequency. 

SpO2 Initial Data Message Format 

To allow the Driver to understand the characteristics of the BitBrain device, the 

Driver first requests specific information from the device. In response, the device sends an 

initial message containing details about its acquisition data. This message includes 

information such as the type of signals, the number of channels, the bytes per channel, the 

samples per package, and the transmission frequency. 

For the developed prototype, these fields are defined as follows: 

¶ Sensor type: ‘SpO2’ 

¶ Number of channels: 3 channels (one channels per LED for the photodiode 

recording). 

¶ Bytes per channel: 3 bytes (this requirement is detailed in Section 605.1.3.6) 

¶ Samples per package: 1 

¶ Sensing frequency: 128 Hz 

This structured format ensures that the Driver receives consistent and accurate data from 

the device. 

Interaction Commands 

Once the Driver knows the device specifications, the viewer saws the available 

signals, so that the interaction with device for data acquisition is enable. The interaction is 

defined by specific commands, including:  
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¶ Start: Initializes the sensor and begins data acquisition. No further configuration 

changes are allowed once this command is sent. 

¶ Stop: Halts the sensor and stops data acquisition. 

¶ Configuration: Updates specific device settings (not used during data 

acquisition). 

¶ Get: Retrieves device information or configuration. 

In this project, the focus is on the start and stop commands, which determine when the 

device sends data to the Driver and when it halts its operation. 

Communication flow and Hardware architecture 

Figure 27 below illustrates the communications flow with the hardware architecture, 

which must be given consideration for the development of the PPG sensor's firmware. 

5.1.3 Firmware development 

The firmware developed is organized using a modular architecture which includes 

asynchronous events, such as the handling of BLE commands received from the viewer´s 

driver or the interrupt management for the data acquisition. This architecture provides a 

structured and efficient workflow for the operation of the device, ensuring a fluid interaction 

between modules and a successful response to the events generated during the sensor’s 

operation.  The firmware is implemented using the C language and is based in the Software 

development Kit (SDK v17.1) from Nordic Semiconductors for the nrF52833 microcontroller. 

Moreover, Keil uVision5 development environment has been used for programming and 

debugging. 

The main modules presented in the firmware are recorded in Table 6: 

 

 

Figure 27: Communication flow that must follow the PPG sensor to be integrated with BitBrain systems. 
Own elaboration. 
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Table 6: Principal modules presented in the firmware, including function and responsibilities information. Own 
elaboration. 

Module Functions Responsibilities 

BLE 
communication 

module 

Manage 
wireless 

communication 
with the viewer 

ѐ Configuration and management of advertising. 
ѐ BLE connection management. 
ѐ Reception of driver commands (Start, Stop, 

configuration, get). 
ѐ Sending acquired data to the display. 

Data 
acquisition 

module 

Control the 
MAX86171 

sensor to obtain 
PPG readings. 

ѐ Initial sensor configuration (LED intensity, 
activation). 

ѐ Handling of GPIO interruptions to detect available 
data. 

ѐ Reading sensor data using SPI. 
ѐ Management of a buffer to temporarily store data. 

Timing Module 

Controlling the 
periodic 

transmission of 
data. 

ѐ Timer configuration and management (128 Hz). 
ѐ Ensure synchronisation of data delivery to the BLE 

viewer. 
ѐ Activation and Stop of the timer on receipt of Start 

and Stop commands. 

Interruption 
Management 

Module 

Respond to 
hardware events 

ѐ GPIO configuration for sensor interrupts. 
ѐ Invoke specific functions when the sensor generates 

an interrupt. 
ѐ Ensure continuous data flow from the sensor to the 

buffer. 

Application 
module 

Coordinate the 
other modules 

according to the 
status. 

ѐ Interpret BLE commands and make decisions. 
ѐ Activate or deactivate modules as required. 
ѐ Organise the overall flow of data acquisition and 

transmission. 

5.1.3.1 Operational Flow of the Firmware 

The firmware developed for the PPG sensor system is structured into six distinct 

operational phases. Below is a detailed explanation of each phase: 

a) Initialization: During this phase, all necessary variables and modules are set up to 

ensure proper system operation. 

o Variables initialization: key pointer, such as read and write pointers, and other 

programme management variables are initialized to zero to prepare data handling. 

o Modules initialization:  

ѐ BLE: advertising and connection functions are configured. 

ѐ Peripherals: The selection SPI pin (Chip Select) and the BL653 control pin (EN 

boost) are selected. 

ѐ SPI: initialization of SPI module, including pin selection for MISO, MOSI, SCK 

buses and other parameters selection such as frequency, mode and bit order. 

ѐ Interruption: selection of BL653 pin for available data detection interruption 

from the MAX86171. 
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ѐ Timer: initialization of the timer for the preparation of the sending buffer. This 

timer uses the base frequency of 31250Hz from the microcontroller, thus, a 

presale and division process are required to adjust it to 128Hz.  

 

b) BLE conexión: The BLE advertising process is initiated, thereby enabling the device to 

establish a connection with the Bitbrain Internal viewer. Subsequent to the 

establishment of this connection, the system transitions to the driver command 

management. 

 

c) Driver command management: In this phase, commands received via the BLE 

connection are handled: 

o Start command 

ѐ Configures the active channels for data acquisition. 

ѐ Enables the timer for periodic data transmission. 

o Stop command 

ѐ Disables active channels. 

ѐ Stops timers to save resources. 

 

d) SpO2 Channel Configuration: When the start command is received, the SpO2 

acquisition process is prepare. 

o The MAX86171 sensor is configured, including LED intensity and start function. 

o An initial forced read is performed to stabilise the sensor; this data is discarded to 

avoid problems with the send-buffer structure (this structure is explained in Section 

5.1.3.2). 

o The GPIO interrupt responsible for handling data availability is enabled. 

 

e) Transmission loop: 

o The timer triggers the periodic data transmission at a frequency of 128 Hz. 

o The system reads the sensor data via the GPIO interrupt handler, processes it, and 

stores it in the send-buffer. 

o The buffered data is sent to the display via BLE. 

 

f) SpO2 channel disabling:  When the Stop command is received. 

o The MAX86171 sensor is stopped, and its active channels are disabled. 

o The GPIO interrupt is disabled, and the used resources are released. 

This workflow offers a clear and efficient method for managing the PPG sensor system, 

taking advantage of modular design principles and event-driven architecture. It ensures 

reliable data acquisition and transmission while optimising resource utilisation. 
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5.1.3.2 Send-Buffer Structure 

The send buffer must follow a specific frame structure in order to be understood by 

the Bitbrain internal viewer driver. This structure is illustrated in Figure 28: 

 

Figure 28: Send-buffer structure requested by Driver for the SpO2 data transmission. 

In Figure 28, the Header is a two-byte value that marks the beginning of the frame. Following 

this, the next three bytes represent the frame counter, the battery level, and the error flag. 

Subsequently, the bytes corresponding to the measured signals are transmitted; in the case 

of SpO2, this requires three bytes. Finally, the last byte contains a checksum, which aids in 

verifying the integrity of the transmitted data. 

5.1.3.3 Serial Peripheral Interphase implementation 

Based on the comparative assessment of communication protocols outlined in Table 

26 (section 14.3.1.2 from annexes), the SPI protocol was selected for communication 

between the nRF52833 and the MAX86171 module. This decision was driven by its higher 

transfer speed, the flexibility in data structure selection to support various types of 

exchanges (such as writing to MAX86171 registers, reading from these registers, and 

retrieving PPG data), its superior performance in short-distance setups, and its simplicity. 

Since only one device is being controlled, the setup requires just a single chip-select pin, 

further streamlining the design. 

a) Microcontroller's SPI configuration: The SPI module of the microcontroller has been 

configured with the following parameters: 

o Pins: MOSI (SIO_25), MISO (SIO_15), SCK (SIO_20) and CS (SIO_21) 

o Speed: 1Mbps  

o Operational Mode: the SCK bus is active high, and the sample is transmitted on 

leading edge of the clock. 

 

b) SPI transfer exchange: For the communication between the nrf52833 and the 

MAX86171, different functions have been implemented using the SDK v17.1 from 

Nordic. These functions include Write MAX86171 register, Read MAX86171 register 

and Read MAX86171 FIFO data, which are deeply explained below. 
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Write MAX86171 Register 

The Write_MAX86171_register function is designed to write data into the registers of 

the MAX86171 module, facilitating its configuration and initialization. The module 

requires a specific SPI interface operation, as illustrated in Figure 29. 

Data transfer begins on the rising edge of the SCLK signal and concludes on its falling 

edge. Each transaction is handled using a three-byte buffer, which corresponds to a 24-

clock-cycle SPI instruction framed by a CS low interval. The buffer content is structured 

as follows: 

1. The first byte specifies the register address. 

2. The second byte defines the write operation, where the first bit set to 0 

indicates a write transaction. 

3. The third byte contains the value to be written to the register. 

 

Read MAX86171 Register 

The Read_MAX86171_register function is designed to read data from the registers of 

the MAX86171 module, facilitating its configuration and initialization. The module 

requires a specific SPI interface operation, as illustrated in Figure 30. 

Data transfer follows the same process as in the Write_MAX86171_register function. 

However, the buffer content in this case is structured as follows: 

1. The first byte specifies the register address. 

Figure 29: SPI Write Transaction of the MAX86171 [28]. 

Figure 30: SPI Read transaction of the MAX86171 [28]. 
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2. The second byte defines the read operation, where the first bit set to 1 

indicates a read transaction. 

Additionally, a read buffer must be defined with a length sufficient to accommodate the 

data received from the serial data output (SDO) signal. For this operation, the buffer 

must be three bytes long, with the data recorded in the third byte. 

SPI FIFO Brust Mode Read Transaction 

The MAX86171 offers a FIFO burst read mode to enhance data transfer efficiency. The 

first 16 SCLK cycles work similar to the write and read functions described above: the 

first byte contains the register address (in this case the FIFO address) and the second 

being a read command. The following SCLK pulse contains the FIFO data, 24 SCKL 

per word. It is essential that all words presented in the FIFO are read in a single FIFO 

burst read command, meaning they must be read consecutively within the same SPI 

transfer. Each FIFO word consist of three bytes per sample: the first four bits serve as 

tags that indicate the data type of the subsequent data, while the remaining 19 bits 

represent the PPG registered data [41]. This functioning is illustrated in Figure 31. 

5.1.3.4 Functions description 

The following subsection describes the functions associated with the MAX86171 

module including initial module configuration, LED intensity adjustment, MAX86171 start 

function, and PPG data readout function. 

a) MAX86171 configuration: 

The MAX86171 configuration implies the adjustment of the registers responsible for 

the control of aspects such as the data acquisition in the FIFO, the LEDs behaviour, the 

Figure 31: SPI FIFO Burst Mode Read Transaction of the MAX86171 [28]. 
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optical measurements, and the interruptions. This ensures an optimal performance and 

synchronization with the microcontroller. A table recording all the configured register 

together with its value and a brief description is presented in Table 27 in Annexes at Section 

14.1. 

For better understanding of the proposed configuration the registers have been divided into 

five categories according to their functionality: System Control Configuration, Frequency 

Configuration, FIFO Configuration, measurements configurations and interruption 

configuration. 

o System Control Configuration: The System Control Configuration registers 

enable key system functionalities, including activation of the MEAS measurement 

channels, photodiode receiver channels, synchronization mode, and interrupts. For 

this project, MEAS1, MEAS2, and MEAS3 channels were enabled for signal 

acquisition from the three LED channels, while the PD1 photodiode channels was 

activated for signal detection. Additionally, the INT1 interrupt was enabled for data 

acquisition events. 

 

o Frequency Configuration: A sampling frequency of 128 Hz has been selected for 

this project to adequately capture the full frequency range of photoplethysmography 

(PPG) signals. The system operates with a clock frequency of 32,000 Hz, 

configured through the FR Clock Frequency Select register. The sampling 

frequency is determined by the FC Clock Divider registers, following this equation 

[41]: 

 

𝑡𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝑀𝐸𝑁𝑇<
𝐹𝑅𝐶𝐿𝐾𝐷𝐼𝑉

𝐹𝑃𝑟𝑖𝑚𝑎𝑟𝑦𝑓𝑟𝑎𝑚𝑒𝑐𝑙𝑖𝑐𝑘
=
1

𝑓𝑠
 

(Eq. 13) 

Where 𝐹𝑅𝐶𝐿𝐾𝐷𝐼𝑉 is the value programmed  in the clock divider registers, the 

𝐹𝑃𝑟𝑖𝑚𝑎𝑟𝑦𝑓𝑟𝑎𝑚𝑒𝑐𝑙𝑖𝑐𝑘
is the clock frequency and the  𝑡𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝑀𝐸𝑁𝑇 is the time required 

for all configured measurements. The measurement time is calculated as: 
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𝑡𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝑀𝐸𝑁𝑇=𝑡𝐼𝑁𝐼𝑇1+𝑡𝑀𝐸𝐴𝑆1+𝑡𝑀𝐸𝐴𝑆2+⋯+𝑇𝑀𝐸𝐴𝑆9 

 
Where each 𝑡𝑀𝐸𝐴𝑆𝑛 is given by  
 

(Eq. 14) 

𝑡𝑀𝐸𝐴𝑆𝑛=[𝑡𝐼𝑁𝐼𝑇+𝑀𝐸𝐴𝑆𝑛𝑇𝐼𝑁𝐼𝑇×(2×𝑀𝐸𝐴𝑆𝑛𝐴𝑉𝐸𝑅+1)

+2×𝑀𝐸𝐴𝑆𝑛𝐴𝑉𝐸𝑅×𝑀𝐸𝐴𝑆𝑛𝑃𝐷𝑆𝐸𝐿𝑁𝐺]×𝑀𝐸𝐴𝑆𝑛𝐸𝑁 

And: 

 

(Eq. 15) 

𝑡𝐼𝑁𝐼𝑇1=7×𝑡𝐶𝐿𝑂𝐶𝐾=7×
1

32000
=218,75𝜇𝑠 

𝑡𝐼𝑁𝐼𝑇=3×𝑡𝐶𝐿𝑂𝐶𝐾=3×
1

32000
=93,75𝜇s 

 

(Eq.16) 

In Eq. 10, the parameters 𝑀𝐸𝐴𝑆𝑛𝑇𝐼𝑁𝐼𝑇, 𝑀𝐸𝐴𝑆𝑛𝐴𝑉𝐸𝑅, 𝑀𝐸𝐴𝑆𝑛𝑃𝐷𝑆𝐸𝐿𝑁𝐺 correspond to 

the integration time of the PPG ADC, the number of exposures that are averaged 

per sample and the time between dark and exposure samples respectively. These 

values are defined in MEAS Configuration registers. For this project, the same 

values are applied to all MEAS measurements: 

¶ 𝑀𝐸𝐴𝑆𝑛𝑇𝐼𝑁𝐼𝑇=171,1𝜇𝑠 

¶ 𝑀𝐸𝐴𝑆𝑛𝐴𝑉𝐸𝑅=8 

¶ 𝑀𝐸𝐴𝑆𝑛𝑃𝐷𝑆𝐸𝐿𝑁𝐺=12.1𝜇𝑠 

Thus, each 𝑡𝑀𝐸𝐴𝑆𝑛 has a value of 2278.05𝜇𝑠 and the total 𝑡𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝑀𝐸𝑁𝑇  for the three 

measurements is 7052.9μ𝑠. 

The chosen sampling frequency of 128 Hz is sufficient, as it satisfies Eq. 8. This 

requires: 

𝐹𝑅𝐶𝐿𝐾𝐷𝐼𝑉=
𝐹𝑃𝑟𝑖𝑚𝑎𝑟𝑦𝑓𝑟𝑎𝑚𝑒𝑐𝑙𝑖𝑐𝑘

𝑓𝑠
=
32000

128
=250 

(Eq. 17) 

250

32000
= 7812.5μs>7052.9μs 

 

The samples frequency must be higher than 𝑡𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝑀𝐸𝑁𝑇 value, therefore a 

frequency of 128Hz is allowed in this application. With a frequency of 128Hz the FC 

Clock Divider must have a value of 250 (0x00FA in hexadecimal). 

o FIFO configuration: The FIFO configuration allows setting the number of samples 

required to trigger the interrupt. Since three MEAS channels and one photodiode 

receiver have been enabled, three words per reading must be configured. 

Therefore, the interrupt is triggered when the FIFO contains three words, leaving 

253 available samples out of the total 256 in the FIFO. 
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o Measurements configurations: The Measurements Configuration allows for 

selecting the operational ranges for different channels, as well as defining their 

function times. Additionally, it determines the LED driver settings. For this project, 

the same values have been applied to all measurement channels (MEAS1, MEAS2, 

and MEAS3). 

 

Table 7 lists these configurable parameters, their selected values, and descriptions. 

Some of these times are represented graphically in Figure 32. 

Table 7: Configurable Measuremetn features, wiht the selected value and definition. Elaborated with 
information from [41]. 

Feature Value Description 

MEASn TINIT 117.1 μs Integration time of PPG ADC. 

MEASn AVER 8 samples Number of exposures that are averaged. 

MEASn PD SETLN 12.1 μs Time between dark and exposure samples. 

MEASn LED SETL 12 μs 
Delay from the rising edge of LED to start of 

the exposure ADC integration. 

MEASn PPG ADC 
range 

32 μA 
ADC positive full-scale range of the optical 

channel 

o Interruption configuration: The MAX86171 interruptions can be triggered by 

various events, such as data availability, threshold crossings, or exposure 

overflows, among others. For this project, only one interrupt has been configured, 

which is triggered when a frame is ready in the FIFO. 

 

b) Start function 

The start function is programmed to initialize the MAX8171 after its configuration 

and before the PPG reading. This function follows the steps outlined below: 

Figure 32: Frame with three measurements. Adaptation of [30]. 
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1. Reading System Configuration 1 Register: The system configuration 1 register is 

read in order to ensure that the correct synchronization mode is selected. In this 

project, it is controlled by the internal 32,000 Hz clock. Moreover, the SHDN bit is 

assessed, which is set to 1 in the configuration function for power-saving and to 

ensure the blocking of interruptions. 

 

2. Writing FIFO Configuration 1 Register: The FIFO_A_FULL bits from the FIFO 

Configuration 1 register are rewritten to ensure that the interruption triggers when the 

correct number of words are stored in the FIFO. 

 

3. Reading System Configuration 1 Register: The system configuration 1 register is 

read again to check if the SHDN bit is still set. 

 

4. Writing System Configuration 1 Register: Subsequently, the SHDN bit is set to 0 

to establish normal operation mode and unblock interruptions. 

 

5. Reading Status 1 Register: The status 1 register is read to clear the interruption 

before starting the reading process, ensuring that it is not triggered before the FIFO 

is filled with three words. 

 

c) Read PPG raw data  

This function is invoked when the interruption is triggered, which occurs at a 

frequency of 128 Hz, corresponding to an interval of 7.81 ms. An illustration of the triggered 

interruption is presented in Figure 33. Its purpose is to read the raw PPG data from the 

different measurement channels that have been programmed, namely MEAS1, MEAS2, 

and MEAS3.  

The PPG reading process follows the steps outlined below:  

Figure 33: Oscilloscope recording of the interruption demonstrating a sample frequency of 128 Hz. The 
yellow signal corresponds to the CSB, the green signal to the SCLK, the red signal to the SDI, and the blue 

signal to the SDO. Own elaboration. 
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1. Reading the Status 1 Register: The Status 1 register is read to ensure that the 

interruption has been triggered correctly. 

 

2. Reading the FIFO Counter Register: The FIFO Counter register is read to verify 

that three words are available to be read. 

 

3. Reading the FIFO Data Register: The raw PPG data is read from the FIFO Data 

register using burst mode. The structure of the data is presented in Section 5.1.2. 

All words are always read in the same order: first MEAS1 data, followed by MEAS2 

and MEAS3. A potential issue is that a sample might be lost, causing the first MEAS 

read to change. 

 

4. Data Reordering: To ensure the correct order, the read data is reordered according 

to the tag (which indicates the source of the MEAS): Tag1 + Tag2 + Tag3. 

 

5. Clearing FIFO Content: Finally, the FIFO content is cleared before performing 

another FIFO Data read to prevent issues with the reading and writing pointers. This 

is achieved by setting the FIFO_STAT_CLR bit in the FIFO Configuration 2 register. 

 

d) Stop function 

The stop function is programmed to halt the acquisition process and powered down 

the MAX86171 module. This is achieved by disabling all the measurement channels in the 

System Configuration 2 register. Furthermore, power save mode activation and interruption 

blocking implemented through the setting the SHDN bit from the register System 

Configuration 1. 

5.1.3.5 MAX86171 configuration for prototype version 2 

Adjustments in the configuration function and the read PPG raw data function were 

required to adapt to the new prototype version described in Section 5.1. These changes are 

detailed below. 

a) Configuration function: The implemented modifications involve updating the value of 

the following registers: 

o FIFO configuration 2 register: The number of words record in the FIFO DATA 

registrar must be updated to 0xF6 (246) to store the data from the five LEDs and 

two photodiodes, resulting in ten words per frame.  

o System Configuration 2: The selected MEAS must be adjusted to accommodate 

the required number of measurements for this prototype (MEAS1, MEAS2, MEAS3, 

MEAS4 and MEAS5). 

o Frecuency configuration: to meet the requirements of Eq. 13 for a configuration 

with 5 MEAS it is necessary to lower the sampling frequency, in this case the value 
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of 64Hz has been set, so the FC Clock Divider must have a value of 500 (0x1F4 in 

hexadecimal). 

o MEAS Configuration: MEAS4 and MEAS5 have to be configured with the values 

specified in Table 7. 

 

b) Read PPG raw data function: The operation of the read PPG raw data function 

remains unchanged, except for an update to the expected length of the frame read from 

the FIFO DATA register during the SPI burst mode transfer. The updated frame length 

must now include data from ten channels (5 LEDs and 2 photodiodes). 

5.1.3.6 Data conversion 

From the datasheet we found that each acquisition is composed of a total of 3 bytes. 

They are distributed in the following structure, as is shown in Figure 34: the first 4 bits 

[F0:F3] are a tag value, the remaining 19 bit represents the recorded PPG value in 2’s 

complement, where bit 5 [F4] indicates the sign of the ADC PPG value and the remaining 

bits the ADC value of the ppg [F5:F23]. The tag bits give information of the “measò 

measurements, that is the LED being recording in this data [41].  

 

Figure 34: Data structure retrieved from the FIFO_DATA_REGISTER. Own elaboration. 

Considering that each buffer contains 18 bits of PPG data and a sign, indicating a resolution 

of 218 bits for both positive and negative values, that is a total of 219 - 1 = 524287 possible 

values [41].  

The ADC PPG range is configured via the MEAS_PPG1_RGE register. According to the 

MAX86171 datasheet, the possible ranges for optical channel 1 are the ones presented in 

Table 8 [41]: 

Table 8: ADC positive full-scale range of the optical channel 1 in measurement n. Reference [13]: 

MEAS1_PPG1_RGE LSB (pA) FULL SCALE (uA) 

00 7.6 4.0 

01 15.3 8.0 

10 30.5 16.0 

11 61.0 32.0 

Using the ADC range and the resolution, the value of the PPG in current units can be 

calculated using the following equation: 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝜇𝐴)=
𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

219−1
∗𝑀𝐸𝐴𝑆𝑛_𝑃𝑃𝐺1_𝐴𝐷𝐶𝑓𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 

(Eq. 18) 
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= 𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑣𝑎𝑙𝑢𝑒∗𝑀𝐸𝐴𝑆𝑛_𝑃𝑃𝐺1_𝐴𝐷𝐶𝑅𝐺𝐸 

 
(Eq. 19)  

In the equations above the Decimal value refers to the ADC value obtained from the FIFO 

DATA REGISTER. 

5.1.4 Firmware Validation 

To verify the proper functioning of the developed firmware, the following procedure has 

been followed: 

1. SPI Transfer Verification Using an Oscilloscope 

o Assessment of the signal patterns sent by the different buses involved in the 

SPI transfer using an oscilloscope. 

o The goal is to observe the sequences described in the Write MAX86171 

Register, Read MAX86171 Register, and SPI FIFO Burst Mode Read 

Transaction functions. 

 

2. Verification of Correct SPI Transaction Sequences in Different Functions 

o Confirm that all programmed SPI transactions are executed correctly in the 

various functions by observing them with an oscilloscope. 

o The functions evaluated include: Start Function, Read PPG Raw Data 

Function, and Stop Function. 

 

3. Validation of Correct Send Buffer Construction 

o Ensure the Send Buffer is correctly constructed using the recorded PPG data. 

 

4. Testing the Firmware Workflow Using the BitBrain Internal Viewer 

o Verification of the Firmware Workflow Using the BitBrain Internal Viewer. The 

test involves the following steps: 

ѐ Assess the BLE connection. 

ѐ Verify mode selection. 

ѐ Execute the start command to confirm the PPG configuration and ensure 

correct signal acquisition. 

ѐ Finally, execute the stop command to verify proper termination of the 

process. 
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5.2 Results and Discussion 

5.2.1 SPI Transfer Verification Using an Oscilloscope 

The SPI transfer recorded in the communication functions (write MAX86171 

Register, Read MAX86171 Register and SPI FIFO Brust Mode Read Transaction) is 

demonstrated in Figure 35. This analysis serves to verify that the SPI transfer functions 

operate correctly in all three cases. 

 
A) Write MAX86171 Registe 

 
B) Read MAX86171 Register 

  
C) SPI FIFO Burst Mode Read Transaction 

 

Figure 35: Verification of SPI transaction. A) Write MAX86171 register function to write in the FIFO 
CONFIGURATION 1 register the 0xFA value. The yellow signal corresponds to the CSB, the blue signal to the 

SCLK, the pink signal to the SDI, and the green signal to the SDO. B) Read MAX86171 register function to 
read the SYSTEM CONFIGURATION 1 register. The yellow signal corresponds to the CSB, the blue signal to 

the SCLK, the pink signal to the SDI, and the green signal to the SDO.  C) SPI FIFO Burst Mode Read 
Transaction. The yellow signal corresponds to the CSB, the green signal to the SCLK, the red signal to the 

SDI, and the blue signal to the SDO. Own elaboration. 

 

5.2.2 Verification of Correct SPI Transaction Sequences in 

Different Functions 

The SPI transfer sequences performed in the operation functions (start, stop and 

read PPG raw data)) are demonstrated in Figure 36. This analysis serves to verify that the 

operation functions operate correctly in all three cases. 
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A)  Start Function B) Stop Fucntion 

  

C) Read PPG Raw Data Function 

 

Figure 36:SPI transfer secuences of the operation functions. The yellow signal corresponds to the CSB, the 
green signal to the SCLK, the red signal to the SDI, and the blue signal to the SDO. A) Start fuction, B) Stop 

fuction and C) Read PPG Raw data fucntion. Own elaboration. 

 

5.2.3 Testing the Firmware Workflow Using the BitBrain Internal 

Viewer 

In order to evaluate the complete functionality of the firmware and ascertain its 

integration within the Bitbrains workflow, a series of tests were conducted using the Bitbrain 

Internal Viewer. The evaluation process did not reveal any functionality issues. As illustrated 

in Figure 37, the developed firmware, for the first and second version prototypes, and 

BitBrain Internal Viewer facilitate the recording of PPG signals.   

Figure 37: Example of PPG signals recorded with the developed firmware for the first version(A) and the 

secind verison (B) of the prototypes. Own elaboration. 

A B 
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5.3 Conclusions 

In conclusion, a solution has been identified to the changes proposed in MAX86171 

validation phase, pending evaluation in the Final system evaluation phase. Moreover, the 

developed firmware performs correctly, ensuring the acquisition of PPG signals. 

Furthermore, the firmware has been correctly integrated in the Bitbrain signal acquisition 

system. 
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6 Final system validation 

The third and final phase of the project is concerned with the evaluation of the entire 

system, with the objective being the replication of the results obtained in the first phase. To 

this end, the validation tests and the placement test will be repeated. 

Moreover, complementary tests have been conducted on the basis of findings derived 

from the developmental process of this phase. These tests encompass the study of the 

influence of the configuration of the LEDs and the analysis of the impact of the relative 

position of the sensor with respect to the heart. 

6.1 Methodology 

The objectives, equipment and procedure followed during the different experiments 

of the final system validation are presented below. 

6.1.1 Validation Test 

6.1.1.1 Objectives 

The principal aim of this experiment is to assess the performance of the final system, 

using the developed firmware, by reproducing the results obtained in the validation test from 

MAX86171 validation section. Furthermore, the LED supply has been modified from 5V to 

3.3V, with the objective of reducing the system's power consumption. 

6.1.1.2 Equipment 

The same equipment used in the validation Test from Section 4.1.1.2, with the 

difference of the sensor evaluated. In this test entire Bitbrain prototype vas evaluated. It 

comprises the Digital PCB with the developed firmware, the sensor adapter PCB and the 

PPG sensor tower.  

In light of the outcomes of the Assembly test, a 3D-printed component has been 

incorporated between the adapter PCB and the PPG sensor tower. This modification is 

intended to prevent displacements of the component, which could potentially compromise 

the test results. 

6.1.1.3 Methodology 

The methodology employed in the validation test from Section 4.1.1 was replicated, 

utilising the same SpO2 simulation lines. 
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6.1.2 Placement Test 

6.1.2.1 Objectives 

The objective of this experiment is to evaluate the variability and repeatability of final 

system under different placement conditions. The analysis is intended to ascertain the 

reliability of the sensor in different placements, and to compare the results with those 

obtained with the MAXREFDES280 firmware in MAX86171 validation phase. Additionally, 

the study explores the impact of reducing the LED power supply to 3.3V, as opposed to the 

5V used in prior tests, to assess its potential for lowering power consumption without 

compromising signal quality. 

6.1.2.2 Equipment 

For this experiment, the prototype with the developed firmware was used. It includes 

the digital PCB with the developed firmware, the SpO2 PCB and the PPG sensor tower with 

the initial tested configuration. During the assembling, a cubic piece was used to avoid 

displacements of the ppg tower. The three PCB with the battery were mounted together 

inside the housing, aligning the photodiode and the LEDs parallel to the upper glass.  

In order to facilitate the assembly, a mouldable blue adhesive putty was used to ensure a 

distributed contact along the housing, reducing the risk of PPG tower slopes and enhancing 

robustness. Furthermore, the entire system, including the housing, was placed in a 

cushioned band with an opening for the PPG sensor, enabling forehead placement and 

ensuring contact with the skin. Additionally, the headband incorporates an adjustable velcro 

strap, enabling it to be customised for a precise fit to different head sizes. The recordings 

were performed using the BitBrain Viewer software. 

A B 

Figure 38: Final prototype used for placement testing with the developed firmware. A) shows the three 
PCBs and the battery mounted inside the case, B) shows the final assembly on the headband, C) Bit Brains 

acquisition viewer. Own elaboration. 

C 



Photoplethysmography for SPO2 estimation integrated in a wearable sleep monitoring system                        Page. 67 

 

The images in Figure 38 illustrate the setup: image A shows the three-PCB system mounted 

on the housing, the image B presents the complete assembly on the headband and the 

image C presents the BitBrain viewer during acquisition.  

6.1.2.3 Methodology  

A total of thirteen subjects were included in this exploratory study. The experimental 

protocol entailed the placement of the final system prototype using BitBrain firmware on the 

forehead. Each subject performed three placement trials, each lasting one minute, and at 

standard conditions (i.e. without modifying their SpO2). For this reason, the SpO2 was 

measured for each subject at the beginning of the experiment. Between trials, the prototype 

was removed and repositioned in its assigned location. Prior to the initiation of data 

acquisition, the quality of the signal was assessed to ensure correct identification of the 

PPG, which is an essential criterion for the validity of the recorded data.  

6.2  Results and Discussion 

The results, discussion and conclusions obtained in the different experiments of the 

final system are presented below. 

6.2.1 Validation Test 

As already mentioned in the Methodology (section 6.1.1.1) the objective of this test 

is to evaluate the final systems performance, by reproducing the results obtained in the 

validation test from MAX86171 validation section. Furthermore, the LED supply has been 

modified from 5V to 3.3V, with the objective of reducing the system's power consumption. 

6.2.1.1 Results 

The R values obtained with the BitBrain 

prototype for each simulated Line and SpO2 level 

are shown in Figure 39 on the right. The samples 

obtained for each line are represented in a different 

colour. In addition, SpO2 regressions have been 

obtained from these data, shown as dashed lines 

in the appropriate colours, together with the ground 

truth lines shown in black. 

Table 9 records the MSE values and the difference 

angle of the line calculated from the data recorded 

with the sensor and the ground truth. 

Figure 39: Representation of the lines 
calculated using the data recorded from 
BitBrain's sensor with developed firmware 
in comparison to the ground truth, which 
corresponds to the simulated lines. Own 

elaboration. 
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Table 9: Meen Square error and angle between obtained lines and ground truth lines. Own elaboration. 

Line MSE (%) Angle (º) 

1 0.379 0.243 

2 0.4188 0.179 

3 0.378 0.128 

4 0.214 0.722 

5 4.030 4.586 

mean 1.084 1.172 

A comparison of the results presented in Table 9 with those obtained in the previous 

validation test (Table 4) reveals that the MSE values are comparable. However, an 

exception is observed in Line 5, where the MSE has increased to 4.03%, as compared to 

the 2.51% recorded in the preceding test.  With regard to the angle, it is evident that the 

values obtained for all subjects double those of the previous test, with a mean value of 

1.1721°. 

6.2.1.2 Discussion 

In general, the results obtained with the Bitbrain sensor using the developed firmware 

and 3.3 V for the LED supply are consistent with those obtained in the previous validation 

test. Furthermore, no operational problems were identified during the recordings, 

suggesting optimal functionality of the firmware. The differences in angle can be attributed 

to the system assembly on the housing, as was investigated in the Assembly Test (Section 

14.2.1). 

6.2.1.3 Conclusion 

In conclusion, the findings of this test corroborate the results obtained with the Bitbrain 

sensor using the developed firmware, which are commensurate with the results previously 

obtained with the Validation test.  Consequently, the validity of the firmware's operation can 

be substantiated within a simulated environment. 

 

6.2.2 Placement Test 

As already presented in the Methodology (section 6.1.2.1) the objective of this test 

is to evaluate the variability and repeatability of the final system under different placement 

conditions. Additionally, the study explores the impact of reducing the LED power supply to 

3.3V, as opposed to the 5V used in prior tests. 

6.2.2.1 Results 

Table 10 records the SpO2 value measure before each test for the thirteen subjects: 
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Table 10: SpO2 Measurements prior to test acquisition and comments recorded during the experiment. Own 
elaboration. 

Subject SpO2 (%) Subject SpO2 (%) Subject SpO2 (%) Subject SpO2 (%) 

1 98 5 99 8 99 11 99 

2 99 6 99 9 99 12 99 

3 95 7 99 10 95 13 95 

4 99 

 As demonstrated in the image A from Figure 40 the R value obtained across all pulses for 

each subject and trial at a stable oxygen saturation is shown. A mean value of 0.446 was 

found for all the subjects with a promedian standard deviation 0.0423. Considering the 

regression slope (-40) of the forehead sensor obtained with Hypoxia test in Phase I, these 

this average variability implies a maximum error of 3.2%. The Subject 5 appears to have a 

distant behaviour with a mean value of 0.768 and a standard deviation of ± 0.0692. The 

higher consistency between trials and less variability is presented in subject 8 with a mean 

and std value of 0.407 ± 0.0183 followed by subjects 1, 2 and 4 which obtained the values 

of 0.415 ± 0.032, 0.437 ± 0.026 and 0.371 ± 0.041 respectively.  

 

The image B from Figure 40, shows the Perfusion Index (PI) obtained across all pulses for 

the red and the infrared channels with respect to the R value. In this case, all the values are 

concentrated between a red PI of 0.0094 and 0.150 and an infrared PI of 0.02 up to 0.4. 

The higher PI values are obtained for subjects 1, 7 and 12 in both the red and infrared 

channels, while the worst PI are obtained for subjects 9, 11 and 5 with values below 0.025 

in the red channel and below 0.1 in the infrared channel. 

In order to facilitate a more detailed evaluation, the PPG Signal Quality Index (SQI) has 

been calculated for both the red and infrared channels. The SQI value is obtained using a 

Bit Brain function that analyses the quality of each pulse and provides the percentage of 

          
   A) 

                
B)   

  

Figure 40: R analysis of all pulses for all subjects and trials. A) Shows the variability between trials for all 
subjects; and B) The Perfusion Index across all pulses for all subjects and both channels (red and 

infrared). Own elaboration. 
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valid pulses. To assess if a pulse is valid or not the function evaluates if it is physiologically 

viable by evaluating features with itself and with respect to previous pulses. These features 

include the rise time, the dynamic of the rise time, the systolic and diastolic duration, the 

variability of the rise time and the amplitude variation along pulses.  

Table 11 presents these values along with the mean and standard deviation of the AC and 

DC features. Specifically, for each trial, the average and standard deviation of the AC and 

DC pulse components were calculated for each signal. Subsequently, the overall mean and 

standard deviation of these values across all trials were computed for each subject. 

Table 11: Summary of features extracted from the red and infrared channels of PPG signals across all trials for 
each subject. The table includes PPG Signal Quality Index for the infrared channel (SQI IR) and red channel 
(SQI R); mean and standard deviation of the AC component for the infrared channel (AC IR) and red channel 
(AC R); and mean and standard deviation of the DC component for the infrared channel (DC IR) and red channel 
(DC R). Own elaboration. 

In general, the SQI percentage demonstrated higher and more consistent values in the 

infrared channel compared to the red channel. For instance, subject 10 obtained an IR SQI 

of 88.46 %, in contrast to the 63.08 % obtained for the red channel. A further analysis of the 

SQIs revealed that three subjects (9, 11 and 12) obtained an SQI IR below 85%, while 

almost five subjects (6, 9, 10, 11, 12) had values below 85% in the red channel. Subject 9 

presented the worst SQI values for both channels (70.08% in IR and 38.02% in R), while 

subject 7 reached the highest SQI (100% in both IR and R channels), followed by subjects 

4 (99.55% in IR and 98.22% in R), 8 (99.44% in IR and 95.48% in R) and 1 (96.86 % in IR 

and 96.86 1% in R). 

With regard to the AC components, the mean and standard deviation were found to be 

generally higher in the infrared channel than in the red channel for almost all subjects. The 

highest AC component values were obtained by subject 7, with an AC IR of 18.02 ± 2.15 

and an AC R of 7.3 ± 0.96.  

For the DC component, values were consistent across channels, with a slight trend 

Sub SQI IR SQI R AC IR AC R DC IR DC R 

1 96.86 % 96.86 % 12.43 ± 1.83 5.62 ± 0.91 6399.48 ± 36.49 7094.46 ± 33.43 

2 92.73 % 89.59 % 7.59 ± 1.32 3.79 ± 0.73 5909.8 ± 27.01 6810.81 ± 26.63 

3 92.83 %  87.82 % 6.43 ± 1.58 2.86 ± 0.78 5865.43 ± 43.32 6071.13 ± 35.02 

4 99.55 % 98.22 % 7.96 ± 1.13 3.16 ± 0.48 5902.67 ± 16.24 6404.66 ± 8.04 

5 88.74 % 92.00 % 3.59 ± 0.72 2.92 ± 0.89 5658.99 ± 6.44 5777.79 ± 6.1 

6 87.90 % 84.65 %  9.05 ± 1.37 3.75 ± 0.63 5967.06 ± 13.12 6276.0 ± 6.85 

7 100.0 % 100.0 % 18.02 ± 2.15 7.3 ± 0.96 6007.22 ± 15.42 6684.2 ± 13.18 ± 

8 99.44 % 95.48 % 11.27 ± 2.04 4.95 ± 0.96 6156.09 ± 24.19 6661.07 ± 12.91 

9 70.08 % 38.02 % 2.64 ± 0.37 1.03 ± 0.18 5550.37 ± 11.9 5711.64 ± 11.79 

10 88.46 % 63.08 % 9.2 ± 1.71 4.56 ± 1.12 6068.21 ± 20.71 6709.82 ± 15.25 

11 69.92 % 66.41 % 3.95 ± 1.51 2.19 ± 0.96 6387.21 ± 34.27 7345.4 ± 34.9 

12 83.04 % 77.52 % 11.29 ± 3.27 5.9 ± 1.77 6052.31 ± 20.2 6796.01 ± 33.58 

13 94.15 % 92.76 % 5.84 ± 0.93 2.77 ± 0.44 5773.97 ± 22.5 6214.73 ± 19.68 
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towards higher values in the red channel for means and standard deviations. The highest 

DC mean values were observed in subjects 1 (DC IR = 6399.48 ± 36.49, DC R = 7094.46 

± 33.43) and 9 (DC IR = 5550.37 ± 11.9, DC R = 5711.64 ± 11.79).  

6.2.2.2 Discussion 

As demonstrated in Figure 40 of the results section, in consideration of the slope that was 

obtained in the calibration line from the hypoxia test, the variability intersubject (±0.0423) 

engenders an error of 3.4% in the worst possible scenario. Furthermore, two subjects 

(subjects 5 and 9) were identified as demonstrating atypical behaviour. These subjects 

exhibited a significantly low PI and AC component, with reduced variation between the AC 

mean component from the red and infrared channels. 

The low perfusion rates observed in these subjects can be explained by the large difference 

between the AC and DC components. This phenomenon could be attributed to the low 

intensity of the LEDs, which would limit the penetration of light into the tissues [42]. 

Consequently, the amplitude of the AC 

component is diminished, while the DC 

component persists at a higher level. 

Furthermore, the presence of a weaker signal 

could render the PPG signal more susceptible to 

motion artefacts or ambient light interference, 

which could lead to signal distortions, such as 

the appearance of a double peak, making it 

difficult to detect the pulse correctly. The 

occurrence of this double peak is evident in the 

signals of subject 9, as illustrated in Figure 41. 

A comparison of the data from this study with the results obtained in the placement test 

conducted using the MAXREFDES280 firmware reveals that the variability in the R value 

across different placements – after the exclusion of outliers – remains within the same 

range. This consistency suggests that the BitBrain firmware performs effectively in acquiring 

PPG signals, providing results stable enough to remain below the 4% variability threshold 

established by the ISO 80601-2-61 for hypoxia studies. 

However, the presence of signal morphology anomalies in certain subjects, such as the 

double peak observed in Subject 9, indicates potential limitations associated with the 

reduced LED power. A reduction in LED power to 3.3V, and thus a decrease in light 

intensity, may have consequences for both light penetration and susceptibility to ambient 

light interference. These findings underscore the necessity of optimizing LED power settings 

to achieve a balance between energy efficiency and signal reliability. 

Figure 41: Example illustrating a signal that 
presents a double peak, which consequently 
results in erroneous pulse rate detection. Own 
elaboration. 
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6.2.2.3 Conclusion 

This study successfully evaluated the variability and repeatability of BitBrain's 

prototype performance using the developed firmware under different placement conditions. 

The findings demonstrate that BitBrain firmware effectively acquires PPG signals, with the 

SpO2 error generated by the variability in R values remaining within acceptable limits 

(considering the regression line obtained in the hypoxia test), and below the 4% threshold 

established by the ISO 80601-2-61 for hypoxia studies. This consistency confirms the 

sensor's reliability in diverse positions and underlines its potential for practical applications. 

However, the study also identified key challenges, particularly in subjects with atypical 

signal behaviour. For instance, in Subject 9, anomalies such as a double peak morphology 

were observed, which resulted in difficulties in pulse detection.  These issues appear to be 

linked to the reduced LED power, which, while aimed at lowering energy consumption, may 

compromise light penetration and increase vulnerability to ambient light interference. 

In accordance with the objectives of the present study, the subsequent phases will entail an 

examination of the manner in which the LED intensity configuration influences the quality of 

the signal. This investigation will be undertaken with the aim of evaluating its potential 

impact on the morphology and scale of the PPG signal obtained from the various subjects. 

Furthermore, a comprehensive investigation into the parameters influenced by this 

configuration modification is proposed, with the objective of enabling the precise modulation 

of intensity according to the requirements of each subject. 

 

6.3 Complementary tests 

The following complementary tests were performed in order to investigate issues that 

were identified during the primary tests of the final system validation. 

6.3.1 Intensity Test 

6.3.1.1 Objectives 

This test aims to assess the influence of varying LEDs intensities on the morphology 

and the perfusion index of the PPG signal obtained using the BitBrain sensor. The purpose 

of the study is to identify a LEDs intensity configuration that minimizes the occurrence of 

the morphological abnormalities, such as the doble peak phenomenon observed during the 

placement test described in section 6.2.2.2 
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6.3.1.2 Equipment 

For this test, the same setup described in the placement test in Section 6.1.2.2 was 

utilized. This setup includes the BitBrain prototype mounted on the headband and the 

BitBrain signal viewer for data acquisition.  

6.3.1.3 Methodology 

A total of 12 subjects participated in this assessment. The three LED intensity 

configurations described in Table 12 were evaluated across all participants. These 

intensities were selected from a total of six configurations that were initially assessed in the 

LED intensity selection test, presented in Annex 14.4.1.1. In that preliminary test, 

configuration 3 (corresponding to the first configuration in the current test) showed the worst 

results, while configurations 4 and 5 demonstrated the most promising outcomes 

(corresponding to configurations 2 and 3 in the current test). Consequently, these LED 

intensity combinations were chosen to maximize their impact on the results, with the aim of 

understanding the influence of LED intensity on the PPG signal. 

Table 12: LED intensity configurations tested. Own elaboration. 

Configuration LED IR (mA) LED R (mA) LED GREEN (mA) 

1 7.88 4.88 2 

2 3 4.13 0.5 

3 2.63 1.5 1 

The procedure was conducted as follows: before each test, the subjects’ oxygen saturation 

was measured (Table 13) to ensure comparable results among participants. The subjects 

then positioned the Bitbrain sensor on their forehead, adjusting it as necessary until a 

satisfactory PPG signal was obtained. Once the signal quality was confirmed, the 

participants performed three consecutive recordings without repositioning the sensor, 

alternating the LED configurations between each acquisition. This is done to analyse the 

impact of the LED configuration in isolation by eliminating the placement error. 

Table 13: Oxygen saturation recorded for all subjects before the experiment. Own elaboration. 

Subject SpO2 (%) Subject SpO2 (%) Subject SpO2 (%) 

1 99 5 98 9 98 

2 98 6 98 10 96 

3 95 7 91 11 99 

4 99 8 99 12 95 

 

6.3.1.4 Results 

Figure 42 illustrates the R values obtained for each subject and LED intensity 

configuration, shown on the right. Each configuration is represented in a different colour: 
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configuration one in green, configuration two in red and configuration three in orange.   The 

six graphs on the left present the PI in relation to the R values for each subject and 

configuration. Each graph displays the value from each channel (red of infrared) and 

configuration (configuration 1, configuration 2 and configuration 3). 

 

 
 

 

 

On the one hand, analysing the right graph in Figure 42 reveals a similar behaviour among 

the different intensity configurations across all subjects. The variations observed between 

configurations primarily affect the pulse variability and the mean R value for each subject. 

For instance, subject 1 exhibits a mean R value of 0.42 with configuration 1, 0.38 with 

configuration 2, and 0.40 for configuration 3, representing a maximum variation of 0.02. In 

terms of dispersion. Subject 12 provides a notable example, where configuration 2 

introduces variability that is double that of configurations 1 and 3. 

On the other hand, when assessing the left graphs in Figure 42 shows minimal variations 

in the PI across configurations for all subjects. The mean variability obtain for all subjects 

has been 0.0014 for the infrared channel and 0.0067 for the red channel.  

Table 14 provides a detailed summary from table X in Annex 14.4.1.2. It records the 

percentage of subjects with a Signal Quality Index (SQI) below 85%, alongside the mean 

Figure 42: R analysis of all pulses for all subjects and configurations.A) Shows the variability between 
configurations for all subjects; and B) The Perfusion Index across all pulses for all subjects, configurations and 

both channels (red and infrared). Own elaboration. 
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and standard deviation of the AC and DC features for both the red and infrared channels 

across all configurations: 

Table 14: Mean of SQI, AC, and DC Features Recorded for the Evaluated Configurations Across All Subjects.. 
Own elaboration. 
3.  

With respect to SQI, all configurations show a higher percentage of subjects with poor SQI 

in the red channel in comparison to the infrared channel. Furthermore, configuration 2 yields 

the best results for both channels, with 33% in the red channel and 25% in the infrared 

channel. 

For AC values (mean and standard deviation across all pulses), higher values were 

consistently recorded in the infrared channel compared to the red channel. Among the 

configurations, Acorss the configurations, configuration 1 produced the highest values, 

while configuration 3 recorded the lowest. 

Conversely, for DC values, the red channel exhibited higher values across all configurations 

compared to the infrared channel. Additionally, configuration 1 yielded the highest DC 

values, while configuration 3 resulted in the lowest. This inverse trend in DC values relative 

to AC values was consistently observed. 

6.3.1.5 Discussion 

Considering the results presented, the variability on the dispersion of the pulses 

appears to be correlated with the higher and lower LED intensity configurations. This 

suggest that higher intensities induce saturation behaviour due to increased sensitivity to 

ambient noise, which in turns elevates the dispersion. Conversely, lower intensities may 

lack sufficient power to penetrate tissue, thereby limiting the detection of PPG signals. 

This hypothesis is further supported by the results for the AC and DC features and the SQI. 

Higher intensity levels proportionally increase the AC and DC mean values across pulses. 

However, both extreme low and high intensities result in a greater number of unqualified 

signals, as higher intensities are more sensitive to noise, while lower intensities fail to 

adequately detect PPG signals. On the other hand, no significant influence of the intensity 

configuration was observed on the perfusion index. 

6.3.1.6 Conclussion 

The LED intensity configuration affects the signals quality acquisition, by modulating the 

sensor capacity to penetrate tissues. In this sense, configuration 2 appear so have the best 

performance for most of the evaluated subjects. However, as not all the skin types proposed 

in the Fitzpatrick scale [5] have been analysed due to lack of accessibility, this configuration 

Configuration SQI IR SQI R AC IR AC R DC mean IR DC mean R 

1 25% 42% 32.76 ± 4.39 16.03 ±2.60 25793.46 27582.40 

2 25% 33% 9.59 ±2.39 13.42 ± 2.18 7602.98 22940.95 

3 33% 50% 8.86 ±1.72 4.72 ±1.09 6466.96 7153.41 
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may not work properly with different skin features conditions. In this case intensity 

adaptation can be perform according to the Signal quality obtained. 

6.3.2 Relative placement of the Sensor 

During the course of the LED intensity tests, it was identified that variations in 

saturation were recorded in the reference when the relative position of the sensor with 

respect to the heart was altered, specifically between a laid and a seated position. 

Subsequent analysis of the signals indicated that this alteration in position also introduced 

variations in signal morphologies. 

Consequently, an experiment was conducted to identify the influence of the change in 

relative sensor position on the PPG signal. The report detailing this test can be found in 

Annex 14.4.1.3. 

The findings of the experiment indicate that the relative position exerts a significant 

influence on the Signal Quality Index (SQI) and the AC component. Specifically, it was 

observed that the amplitude of the AC component exhibited an increase with decreasing 

relative distance (in a laid position), while its variability increased with increasing relative 

distance from the sensor (in a seated position). Consequently, it is essential to perform 

hypoxia tests in conditions that replicate actual usage scenarios to ensure that variations 

caused by relative position do not interfere with sensor calibration and compromise device 

performance, worsening its root mean square error (RMSE).  

6.4 Conclusions 

The results obtained in the phase III tests support that the Complete system has a 

performance comparable to that observed in phase I Indeed, when taking into account the 

variability that was recorded under constant SpO2 conditions, the calculated error, which is 

based on the slope of the straight line obtained during the hypoxia test, remains below the 

3.5% limit that has been set by the ISO 80601-2-61. This finding indicates that results similar 

to those observed in the phase I hypoxia test are likely to be replicated. 

Conversely, supplementary assessments have underscored the necessity of identifying an 

optimal intensity configuration, given its impact on PI and AC. Furthermore, the 

repercussions of the relative position on the measurements obtained with the sensor have 

been evidenced, which highlights the need to calibrate the sensor for the hypoxia tests with 

subjects in the same position of use, i.e. lying down.  
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7 Conclusions 

This project has successfully achieved its main objective: the integration and validation of 

the MAX86171 PPG sensor within the Ikon-Sleep headband, demonstrating its feasibility 

as a tool for sleep studies and as an alternative to polysomnography. 

To accomplish this, the specific objectives were addressed systematically. A 

comprehensive study of the state of the art was conducted to understand the principles of 

PPG functionality and evaluate commercially available systems. This analysis facilitated the 

integration of the selected MAX86171 PPG sensor into the Ikon-Sleep headband, following 

a series of defined stages and culminating in a final prototype ready for future clinical 

investigations required for certification. 

Firstly, the validation of the MAX86171 sensor demonstrated an RMSE of 2.32% during the 

hypoxia test, remaining below the 4% threshold stipulated by ISO 80601-2-61 for medical 

certification within the 70%-100% SpO₂ range. Secondly, the sensor integration process 

yielded firmware capable of optimising the acquisition of PPG signals at 128 Hz and 

produced a robust and functional prototype system. Lastly, the validation of the final system 

replicated the sensor’s initial performance results, confirming the feasibility of the prototype. 

One of the primary challenges encountered in this project was the limited accessibility to a 

diverse range of skin types. Nonetheless, the key differences were carefully considered, 

and strategies were explored to enhance personalisation, including studies on the LED 

intensity to improve adaptability. 

Considering the developmental trajectory of this project, the following steps are proposed 

for future work: 

¶ Performance of Hypoxia Tests: Conduct hypoxia tests using the complete system 

to acquire the sensor calibration line and verify that the estimated RMSE within the 

limits established by ISO 80601-2-61. Additionally, perform a clinical study with a 

larger and more representative population to get the FDA and MDR certifications.  

¶ Implementation of Variable Wavelength Technology: Introduce multi-LED 

modules with slight wavelength variations to adapt signal penetration to the skin 

characteristics of different subjects. This enhancement will improve both the 

versatility and precision of the system. 

¶ Integration of a Sensor Placement Alert System: Use the second interrupt pin 

and threshold detection registers available in the MAX86171 module to incorporate 

a placement alert mechanism. This system will trigger alerts when the sensor is 

improperly positioned, ensuring optimal performance and reducing power 

consumption during misplacement. 
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In summary, the Ikon-Sleep headband has been equipped with SpO₂ estimation 

capabilities, providing the necessary features to conduct sleep studies in patients with 

Obstructive Sleep Apnoea (OSA). This innovation has the potential to pave the way for 

improved monitoring of symptoms, early diagnosis, and timely access to treatment, 

ultimately enhancing patients' quality of life and reducing the risk of cardiovascular, 

metabolic, and especially neurological complications. 
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8 Planification 

In order to facilitate the viasually undertanding of the project organization a Gantt 

Diagram has been constructed. It is presented in Figure 43. 

 

 

 

 

 

 

Figure 43: Gantt chart illustrating the distribution of tasks involved in the execution of this project. 

Start: 16/09/2024                   
End: 27/01/2025 2024 2025 

ACTIVITY  
SEPTEMBER OCTOBER NOVEMBER DICEMBER JANUARY 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

INITIAL RESEARCH                                     

Photoplethysmography  
review                      

SpO2 metrics review                                     

PHASE I                              

Validation test                    

Placement test                      

Hypoxia test                     

Assembly test                      

PHASE II                                     

Review of BitBRain's 
device documentation                      

Protorype adaptations                        

Firmaware development                           

PHASE III                                      

Validation test                     

Placement test                       

LEDs intensity test                      

Relative placement of the 
sensor test                                     

TFM document writing                                     
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9 Economic study 

The total budget of the project is detailed below. It has been categorized into three 

main groups: material budgets, software budgets and employee budgets. The first group 

corresponds to the costs of materials used for the prototypes and experiments, the second 

group includes the costs associated with licenses, and the third group accounts for the costs 

related to employees.  

Material Budget 

In this section, all the materials used for prototype development (including prototype 

components and new versions) and experiment execution are included. A summary of these 

costs is presented in Table 15. 

Table 15: Material budget. Own elaboration. 

Cost type Supplier Description Cost € 

Materials 

ADI Evaluation Hardware SPO2 321,00 € 

Mouser Components PCBs SPO2 216,33 € 

ALL PCB SPO2 Sensor PCB V13 95,00 € 

ALL PCB SPO2 Adapter PCB V1 497,00 € 

ALL PCB SPO2 DIG PCB V1 114,00 € 

ALL PCB SPO2 Sensor PCB V14 78,00 € 

ALL PCB SPO2 Sensor PCB V15 78,00 € 

ALL PCB SPO2 DIG PCB V2 113,00 € 

ALL PCB 
SPO2 Sensor PCB V16 +  Adapter SPO2 

PCB V2 
759,00 € 

Analog 
Devices 

MAXREFDES280 (156,25€/ud x 3 units) 468,75€ 

NIPPON 
GASSES 

Oxygen pumps (320 € /ud x 4 units) 1280 € 

Total cost 4020,08 € 

Software badget  

Table 16 presents the costs associated with the software tools utilized during the 

execution of this project. 

Table 16: software licences budget. Own elaboration. 

Cost type License Description Cost 

Licencies 
Professional Keil 

uVision5 
 (194.94 €/month during 4 months) 779,76 € 

Total cost 779,76 € 

 Employee Budget 

 Table 17 presents the Budget associated the remuneration of the project 

participants, including the academic tutor of the UPC, the academic tutor of the company 
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and the student intern, is provided. 

Table 17: Employee budget. Own elaboration. 

Cost type Employee Description Cost 

Employees 

Student 720h at 10€/h 7200 € 

Bitbrain tutor 46h at 30€/h 1380 € 

UPC tutor 11h at 30€/h 330 € 

Total cost 8910 € 

Total Budget 

A summary of the costs associated with materials, software, and employees is 

presented in Table 18. 

Table 18: Total Budget of the project. Own elaboration. 

Cost type Cost 

Material 4020,08 € 

Licence 779,76 € 

Employees 8910 € 

Total cost 13709.84 € 

From Table 18, the largest portion of the budget has been allocated to employee costs, 

followed by material costs, and lastly, software license costs. 
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10   Environmental study 

In order to assess the environmental impact of the project, the following approach 

has been adopted. This approach includes the impact associated with the manufacture of 

the prototypes used, the development of the firmware, and the use of the spaces, including 

the rooms in which the experiments for the validation of the PPG sensor were carried out. 

Prototypes impact 

In order to estimate the environmental impact of the prototypes used in this project, 

the CO2 emissions associated with the PCB boards, the casing and the 3D printed parts 

for the assembly of the prototypes have been estimated.   

In the case of the PCB boards, they are mainly composed of semiconductors. In order to 

calculate the CO2 emissions, it is necessary to know the emission factors of the main gases 

emitted during the manufacturing process (Table 20), as well as the dimensions of the 

semiconductor material manufactured. In this study the semiconductor dimensions have 

been estimated as the size of the PCB boards used. Table 19 includes the PCB boards 

used, together with the dimensions and the number of units: 

Table 19: PCB dimenssions. Own elaboration. 

SEMICONDUTOR PIECE DIMMENSIONS (mm) UNITS SURFACE (m2) 

PCB digital v1 64.27 x 33.84 1 0.00239 

PCB digital v2 54.3 x 33.91 1 0.00203 

SpO2 adapter v1 52.01 x 31.67 1 0.00181 

SpO2 adapter v2 71.86 x 35.9 1 0.00413 

PPG tower 17.9 x 9.68 4 0.00194 

Total dimensions 0.01818 

Table 20 include the emission factors of the main gases emitted during semiconductor 

manufacturing [43], and the calculated value of emissions according to the total surface of 

semiconductors manufactured: 

Table 20: Emission Factors of the Main Gases Emitted During Semiconductor Manufacturing, with Calculated 

CO2 Emissions. Own elaborition using the emission factors from [43]. 

Gas Emission factor (kg C02e/m2) Emissions (kg CO2e) 

CF4 0.9 0.01106819 

C2F6 1 0.01229799 

CHF3 0.05 0.0006149 

NF3 0.04 0.00049192 

SF6 0.2 0.0024596 

Total emissions 0.02693259 
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In the case of the casing, defective models of the old Bitbrain PPG sensor have been used, 

in order to reuse these components and avoid increasing the carbon footprint and thus the 

environmental impact. Therefore, no emissions of this component associated with the 

project are estimated. 

Lastly, the 3D printed pieces are considered. In this case the material manufacturer 

emissions and the emissions associated to the impression consumption has been consider 

for the estimation. The components have been fabricated using a thermoplastic material 

known as PLA, which is derived from renewable sources and has the property of 

biodegradation. The material emission and the Energy consumption emission (Table 21) 

have been calculated as follows, where the 𝑚 represent the mass of PLA in kilograms, 𝐹𝑃𝐿𝐴 

is the emission factor for PLA  (PLA emission factor [44]: 7.584kg CO2 eq/kg), 𝐸 is the 

consumed energy of the 3D printed and 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦is the electricity emission factor (electrical 

emission factor [45]: 0.257kg CO2 eq/kg): 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 (𝑘𝑔 𝐶𝑂2 𝑒𝑞)
= 𝑀𝑎𝑡𝑒𝑟𝑖𝑎 𝑒𝑚𝑖𝑠𝑠𝑜𝑛𝑠+𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
=(𝑚×𝐹𝑃𝐿𝐴)+(𝐸×𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) 

(Eq. 20) 

Table 21: Summary of the CO2 Emissions Produced by the 3D Printed Parts of the Prototypes. Own 
elaboration. 

Piece 
Weight 

(kg) 

3D 
printing 
time (h) 

Material 
emission 

Energy 
consumption 

emissions 

Total 
emissions 
(kg CO2eq) 

Molde 0.053 5.00 0.401952 0.1008725 0.5028245 

PPG tower 
clamping piece 

0.001 0.0833 0.007584 0.00049612 0.00808012 

PCB holder 0.002 0.0833 0.015168 0.00168121 0.01684921 

Total emissions 0.52775383 

Firmware impact 

The development of the firmware has been characterised by the utilisation of a 

laptop as the primary source of emissions. Additionally, the process has involved the 

employment of equipment such as an oscilloscope and a signal generator. Table 22 

presents the calculated CO2 emission associated to firmware development.  

Table 22: Summary of the CO2 Emissions Associated with Firmware Development. Own elaboration 

Equipment Power (W) 
Usage 
time 
(h) 

Total 
consumed 

energy (kWh) 

𝐅𝐞𝐥𝐞𝐜𝐭𝐫𝐢𝐜𝐢𝐭𝐲 (kg 

C02e/kWh) 

Emissions 
(CO2e) 

Lap-top 65 720 46.8 0.257 12.0276 

Oscilloscope [46] 210 20 4.2 0.257 1.0794 

Signal generator [47] 2.4 20 0.048 0.257 0.012336 

Total of emissions 13.119336 
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Rooms impact 

In this section of the environmental study, the CO2 emissions that have been 

generated by developing the project on site at the Bitbrain offices have been estimated 

(Table 23). This includes an estimation of the emissions derived from the lighting and 

heating of the rooms in which the firmware has been developed and the experiments for 

validation have been carried out. The energy consumption was obtained as an estimation 

considering the dimensión of the space and the mean consumption in Zaragoza [48]: 

Table 23: Summary of the CO2 Emissions Associated with stay rooms during the project. Own elaboration 

Emissions associated 
with the stay in rooms 

Energy 
consumption 

Usage time 
(h) 

Emission factor 
(kgCO2/kWh) 

Emission 
(CO2e) 

heating system 36 720 0.257 6661.44 

lighting 40 720 0.257 7401.6 

Total of emissions 14063.04 

The total CO2e emissions associated with the development of this project are 

14,076,717kg. The majority of the impact is attributed to energy consumption during project 

development and validation (99%), followed by the impact of the firmware (0.093%). The 

strategies adopted, including component reuse and the use of sustainable materials such 

as PLA, have contributed to minimising emissions. Moving forward, the integration of 

renewable energy sources and the optimisation of prototype design hold significant potential 

for further reducing the environmental impact. 
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11  Social and gender equality assessment 

On the one hand, in the experiments carried out, parity has been sought, with a 

proportion of men and women within the range 40-60%, with the aim of having a 

representative sample of participants. In this way, the conclusions drawn from the tests 

carried out have taken into account both men and women equally, mainly considering 

factors affecting skin characteristics. 

However, one of the main limitations of this project has been the accessibility to subjects 

with minority skin characteristics, such as skin type I or skin type VI on the Fitzpatrick scale 

[5]. Despite this, strategies have been analysed and proposed to adapt the sensor to the 

skin type, such as adjusting the intensity or including sensors with variations in the 

wavelength, in order to seek homogeneity in the accuracy of the sensor, regardless of the 

characteristics of the skin. 

As for the project team, six people were involved, with a proportion of 60% men (the 

company's TFM supervisor and three engineers from the data science area) and 40% 

women (head of the electronic department and intern), achieving a gender balance within 

the recommended range. The distribution of responsibilities has ensured an interdisciplinary 

and equitable collaboration in the different technical and management areas of the project. 
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14  ANEXXES 

14.1 Hardware description  

14.1.1 Digital PCB 

The digital PCB incorporates the BL653 module, and the SPI level adapter 

(TXS0108ERGYR) circuit to address the communication protocol and the voltage supply 

requirements of the MAX86171 sensor and the LEDs. Moreover, it includes the 504754-

2520 board-to-board connector to link the Digital PCB with the SpO2 adapter PCB. These 

components are illustrated in Figure 44: 

BL653 Module 

The BLE653 module is a Bluetooth Low Energy (BLE) v5.1 and Thread (802.15.4) 

solution designed for small, portable, power-conscious devices. It is based on the nRF5233 

chipset from Nordic Semiconductor and offers ultra-low consumption, extended wireless 

range with +8dBm of transmit power and support Bluetooth 5 Long Range (CODEDPHY) 

features.  

For programming, the BL653 support multiple options, including via Laird Connectivity’s 

smartBASIC language, AT command set, Zephyr RTOS or Nordic’s software development 

kit (SDK) for C programming. In this project, the Nordic’s. SDK has been used  [49]. The 

main specifications of this module are collected in Table 24: 

 

 

 

BLE653 TXS0108ERGYR) 

E 

504754-2520 

Figure 44:  3D view of the Digital PCB with main components highlighted. Own 
elaboration. 
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Table 24: Specifications summary of the BL653 module [49]. 

Category Specification 

Model and manufacturer BL653, manufactured by Laird Connectivity 

Wireless Standards 
Supported 

Bluetooth Low Energy (BLE) v5.1, 802.15.4 (Thread), NFC 

Dimensions 15.0 mm x 10 mm x 2.2 mm 

Weight <1 gram 

Supply options 
Normal voltage mode: VDD 1.7- 3.6 V  
High voltage mode: VDD_HV  2.5 - 5.5V  

Interfaces and peripherals 
UART, GPIO, ADC, PWM, FREQ output, timers, I2C, SPI, I2S, 
PDM, and USB  

Power Consumption 
Transmit: 4.9 mA peak at 0 dBm, Receive: 4.6 mA peak, 
Standby Doze: 2.6 µA typical, Deep Sleep: 0.6 µA 

TXS0108ERGYR Voltage Translator 

During the development of the firmware, it became apparent that a voltage translator 

was requires to bridge the different voltage operating ranges of the BL653 module (3.3V) 

and the MAX8617 PPG sensor (1.8V). To overcome this need, the TXS0108ERGYR 

voltage translator was incorporate into the design.  

The TXS0108ERGYR is a bidirectional voltage translator that supports voltage nodes of 

1.5V, 1.8V, 2.5V, 3.3V and 5V. In this case, it was configured to translate the 3.3V signals 

from the BL653 module to the 1.8V required by the MAX86171 sensor, and to translate the 

1.8V output from the MAX86171 back to the 3.3V input of the BL653 module [50]. 

14.1.2 SpO2 adapter 

The SpO2 adapter PCB mainly consists of the MAX86171 chip and the board-to-

board connectors, the FLE-105-01-G-DV that connects the SpO2 adapter with the PPG 

sensor tower and the 504754-2520 that connects the SpO2 adapter PCB with the digital 

PCB. Additionally, it is equipped with eight test points and a circuit to facilitate switching 

between I2C and SPI communication protocol during testing process, thereby facilitating 

firmware development and testing of different firmware functionalities. A 3D view of the 

SpO2 adapter PCB and each main componentas are visualized in Figure 45. 

MAX86171

1 

FLE-105-01-G-DV 1 504754-2520 

Figure 45: 3D view of the SpO2 adapter PCB with main components highlighted. Own elaboration. 
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MAX86171  

The MAX86171 is an ultra-low-power optical data acquisition system designed for 

precise optical measurements, such as pulse oximetry and heart rate detection. It includes 

both transmission and reception channels, with nine programmable LED driver outputs 

powered by three high-current 8-bit drivers. On the reception side, it integrates two low-

noise charge integrator frontends, each with independent 19.5-bit analog to digital 

converters (ADC), and advanced ambient light cancellation technology, enabling accurate 

signal acquisition even in challenging lighting conditions. 

The MAX86171 operates with a main supply voltage of 1.8V and a LED driver supply 

voltage ranging from 3.1V to 5.5V. It supports both I2C and SPI interfaces, allowing easy 

integration with various microcontrollers. The device also features a 256-word FIFO buffer 

for efficient data storage, facilitating continuous data processing. 

In the provided prototype, three of the nine programmable LEDs are connected to the 

transmission channels, with each LED driven by one of the three high-current drivers. On 

the reception side, a single photodiode is connected, ensuring compatibility with the 

intended application. Furthermore, both 3.3V and 5V LED driver supply voltage are going 

to be tested.  

14.1.3 PPG sensor tower 

The PPG sensor tower includes the transmitter and receptor sensors: the LED 

module (Osram SFH 7016) and the photodiode sensor (VEMD8080). Additionally, it 

includes the board-to-board connector FW-05-03-L-D-215-100, which links it to the SpO2 

adapter PCB. All this components are presented in Figure 46. 

Osram SFH 7016 

The Osram SFH 7016 is a multi-chip LED module that integrates three emitters with 

different wavelength: green (530 nm), red (655 nm) and infrared (940 nm) light. The 

inclusion of the green LED is for the purpose of noise artifact rejection, whilst the red and 

infrared LEDs are utilised for SpO2 stimulation. Each emitter is individually controlled by the 

LED drivers of the MAX86171 optical data acquisition system, allowing precise modulation 

Figure 46: 3D view of the PPG sensor tower PCB with main components highlighted. Own elaboration. 

VEMD8080

Osram SFH 7016 

FW-05-03-L-D-215-100 



Page. 94  Report 

 

and synchronization with the photodiode during data acquisition. The module’s maximum 

forward currents are 30 mA for green, 40 mA for red, and 60 mA for infrared, ensuring 

sufficient light intensity for various optical measurements.  

VEMD8080 

The VEMD8080 is a high-speed and highly sensitive PIN photodiode with enhanced 

sensitivity for visible light. It is a low-profile surface-mount device (SMD) including the chip 

with a 4.6 mm2 sensitive area, providing enhanced sensitivity across a spectral range of 

350-1100 nm, covering the wavelengths emitted by the SFH 7016 LEDs detecting. The 

photodiode's ±65° half-angle sensitivity ensures efficient detection of reflected or 

transmitted light, even in non-ideal alignment conditions, a characteristic that is essential 

for the reliability of SpO2 measurement.  

 

14.2  MAX86171 validation 

14.2.1 Complementary tests 

14.2.1.1 Assembly test 

Objective 

The aim of this experiment is to evaluate the repeatability 

of the measurements obtained by the Bitbrain’s sensor when 

subjected to repeated assembly and disassembly. The goal is to 

identify the error introduced each time the PCB board with the 

PPG sensor is mounted into the housing and explore for potential 

solutions to minimize this error. 

Equipment 

The same equipment used in the Validation Test from 

section 4.1.1.2 was used for this experiment.  

 

Methodology 

The procedure for this assembly test experiment is based on the validation text 

protocol described in 4.1.1.3, where the AECG100 validator was used to simulate the same 

five distinct SpO₂ signal lines as in section 4.1.1.3,. The primary distinction in this 

experiment lies in the iterative assembly and disassembly of the sensor between 

Figure 47: Prototype 
Montage for the Assembly 
Test. A) Shows the PCB 
fixed within the housing. B) 
Illustrates the PPG tower 
PCB mounted on the SpO2 
adapter PCB and secured 
with silicone.  Own 
elaboration. 



Photoplethysmography for SPO2 estimation integrated in a wearable sleep monitoring system                        Page. 95 

 

recordings. The assembly process involved the following steps: 

1. Positioning the PPG Tower PCB: The tower containing the LEDs was placed onto 

the connector and secured to prevent displacement. Silicone was applied both at 

the base of the connector and at the connection point with the tower to ensure 

robustness without affecting the electronics. 

 

2. Securing the PCBs: The firmware PCB and the adapter PCB were fastened 

together before mounting them into the housing. 

 

3. Final Assembly: The fully assembled sensor was then mounted into the housing, 

as illustrated in Figure 47. Ensuring a centred position of the sensor with the glass 

within the housing plane and in parallel with the glass with respect to the 

perpendicular axes to the housing plane.  

This iterative process was repeated five times, with recordings taken after each reassembly. 

The primary objective was to assess the impact of mechanical variations on measurement 

repeatability and identify any recurring issues. 

In order to assess the consistency of the measurements due to the assembly, the following 

analysis was carried out on the lines obtained from the different trials: 

¶ Standard deviation between assemblages for each line: to assess directly the 

variability between the assemblages. 

¶ Root Mean Error with respect to the ground truth: to assess the discrepancy of the 

obtained results with the expected ones.  

¶ Slope analysis: understand how mounting characteristics affect sensor 

characteristics beyond a point-to-point analysis. 

 

Results 

The results of the assembly assessment are presented in Table 25. All calculated 

features were derived from all assemblies and across all lines. The characteristics 

encompass the maximum standard deviation, the mean and standard deviation of the 

RMSE values, and the mean and standard deviation of the scope. 
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Table 25: Features Calculated from All Assemblies and Across All Lines 
(Max STD: Maximum Standard Deviation of the SpO2 Between Assemblies, RMSE: Mean and Standard 
Deviation of the Root Mean Square Error Between Assemblies, Slope: Mean and Standard Deviation of the 

Slope Between Assemblies). Own elaboration. 

Line Max STD (%) RMSE (%) Slope (%/uA) 

1 0.85 0.26 ± 0.19 -33.82 ± 0.81 

2 0.71 0.23 ± 0.09 -24.56 ± 0.62 

3 0.47 0.16 ± 0.12 -15.87 ± 0.38 

4 1.26 0.26 ± 0.15 -50.76 ± 1.26 

5 1.22 0.86 ± 0.75 -73.39 ± 1.79 

Mean 0.85 0.35 ± 0.26 -39.68 ± 0.97 

It has been observed that all lines exhibit a maximum standard deviation of less than 1.3%, 

with line 3 demonstrating the least variability, exhibiting a standard deviation of 0.47%, and 

line 5 exhibiting the highest standard deviation of 1.22%. The mean value across the 

assemblies remains small for most of the lines, with values below 0.25. An exception to this 

is line 5, for which the RMSE value is 0.86 ± 0.75. Furthermore, an increase in variability 

within the scope is observed in lines 4 and 5, which correspond to the lines with higher 

scope. These observations are graphically represented in Figure 48. 

Discussion 

The result obtained indicates a correlation between increased scopes and higher 

variabilities introduced by the sensor assembling. This phenomenon is further substantiated 

by the increasing trend in RMSE values, which also rise with rising slope. It is particularly 

evident that R lines with higher slopes demonstrate an augmented susceptibility to 

variations arising from sensor assembly, thereby impacting the stability of measurements 

across assemblies. 

 

Figure 48: Representation of the variability between assemblies across the five evaluated lines. Own 
elaboration. 
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Conclusions 

In conclusion the assembly of the sensor on the house introduces a mean RMSE 

error of 0.35%. Consequently, higher reproducibility is essential in the assembly process to 

prevent potential stability measurement issues. One proposed solution is to secure the PPG 

tower PCB to the SpO2-adapted PCB using a precisely designed mechanical piece that fits 

perfectly with the PPG tower PCB, thereby avoiding vertical axis displacements, instead of 

relying on silicone. Additionally, a more robust fixation of the components within the housing 

is necessary. Using screws to secure the electronic PCBs to the housing could be an 

effective alternative to minimize uncontrolled tensions introduced during the assembly 

process. 

In view of these results, it may be advisable to validate the sensor with the simulator, as 

outlined in section 4.1.1, in order to ensure the correct assembly of the system. 

 

14.3 MAX86171 integration 

14.3.1 Communication protocols 

An important part of the firmware is the choice of communication protocol to 

configure and implement data acquisition with the PPG sensor. Therefore, the following 

section explains the operation of the chosen protocol (its choice is justified in the Firmware 

Development chapter, section 5.1.3.3 of the Methodology), together with a comparison of 

this protocol with the main protocols available. 

14.3.1.1 Serial Peripheral Interface 

The Serial Peripheral Interface (SPI) is a synchronous communication protocol 

developed by Motorola company, which has been widely extended and adapted by many 

companies for their products. It operates in full duplex mode, which facilitates simultaneous 

and bidirectional transfer between devices. In other words, SPI communications work with 

separate lines for data transfer and clock synchronization [51]. 

Communication follows a master/slave architecture, where there is a master which is the 

source of the clock, and several slaves which gets the clock from the master. The master 

device initiates the data frame, generates the clock signal and selects the slave device, 

thereby initiating transfer in either or both directions. SPI requires four signal lines; these 

are as follows [51]: 

¶ Clock (SCLK): Synchronize data transfer. The transmitter and receiver use the 

same clock signal for the transmission and reception of information bits. 
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¶ Chip Select (CS): Allows the masters selection for the activation of a specific slave 

device. 

¶ Master Output, Slave Input (MOSI): Data sent from master to the slave. 

¶ Master Input, Slave Output (MISO): Data sent from slave to the master. 

Figure 49 illustrates these signals in a single- master, single-slave setup. 

 

Figure 49:  SPI implementation in a single master - single slave configuration. The four main signals are 
represented in different colors: SCLK (orange), MOSI (blue), MISO (green), and CS (yellow). Own elaboration 

with information from [10]. 

The master unit sends the information stream to the slave bit-by-bit in a serial manner 

through the MOSI port. During the transmission, the most significant bit (MSB) of the data 

is sent from the master to the slave or vice-versa [51].  

The operational procedure is as follows: the master device sends the synchronization clock 

via SCLK pin. Then, the master generates a CS pulse to activate the desired slave, thereby 

initiating data transfer. The master transmits the data buffer (TX buffer) to the slave using 

MOSI port as shown in image a) from  Figure 50, so that the first bit transmitted is the first 

bit received. The slave can also transmit bit sequences (RX buffer) to the master using the 

MISO port, as can be seen in image b) from Figure 50 [51].  

The SPI protocol can support a total of eight slaves, with a maximum distance between a 

master and a slave of 3 m and a maximum communication speed of 10 Mbps [51]. 

14.3.1.2 Communication Protocols comparative 

Table 26 above compares the SPI protocol with the most commonly used protocols: 

Inter-Integrated Circuit (I2C) and Universal Asynchronous Receiver-Transmitter (UART). 

a)  b)  

Figure 50: SPI communication. a) MSB transfer from master to slave, b) MSB transfer from slave to 

master [10]. 
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Table 26: Comparative assessment of the main Communication protocols (SPI: Serial peripheral interphase, 
I2C: Inter-Integrated Circuit, UART: Universal Asynchronous Receiver-Transmitter). 

Features SPI I2C UART 

Buses MOSI, MISO, SCK, CS SDA, SCL TX, RX 

Transfer speed 
High (several Mbit/s to 
a few tens of Mbit/s) 

Moderate (up to a few 
Mbit/s) 

Low (lower than that of 
SPI) 

Topology Master-Slave Master-Slave Point to point 

Synchronization 
Limited by CS number 

of pins 
Defines by the number 

of bits for directions 
1:1 

Directionality Full-Duplex Half-Duplex Full-Duplex 

Data Structure 
Defined by the 

application 
Integrated routing Bits string 

Energy consumption Low Low Variable 

Complexity Moderate High Moderate 

Use 
Perfect for fast data 

transfers 

Ideal for short-distance 
communications with 

multiple devices 

Suitable for simple and 
long-distance serial 

communications 

14.3.2 Configuration function 

Table 27: The configuration of the MAX86171 is detailed, including the register address, value and an 
accompanying explanation. This information has been collated with data from reference [30]. 

Register Value Access type Explanation 

Status 1 - Read Only Indicates the general status of the device. 

Status 2 - Read Only Provides additional status and error details. 

Status 3 - Read Only Additional device status details. 

FIFO Write Pointer - Read Only Address of the next data to be written to the FIFO. 

FIFO Read Pointer - Read Only Address of the next data to be read from the FIFO. 

FIFO Counter 1 - Read Only Partial count of data stored in the FIFO. 

FIFO Counter 2 - Read Only Complete count of data stored in the FIFO. 

FIFO Data Register - Read Only Stores FIFO data for reading. 

FIFO Configuration 
1 

0xFA Write, Read Configures FIFO behaviour (size, alerts). 

FIFO Configuration 
2 

0x08 Write, Read Configures advanced FIFO properties. 

System 
Configuration 1 

0x02 Write, Read 
Sets global system parameters (measurement 
enable). 

System 
Configuration 2 

0x07 Write, Read Configures advanced measurement parameters. 

System 
Configuration 3 

0x00 Write, Read Defines additional system settings. 

Photodiode Bias 0x55 Write, Read Adjusts photodiode bias for optimal performance. 

Pin Functional 
Configuration 

0x00 Write, Read Configures specific pin functions. 

Output Pin 
Configuration 

0x00 Write, Read Configures output pins. 

FR Clock 
Frequency Select 

0x00 Write, Read Selects the internal clock frequency. 

FR Clock Divider 
MSB 

0x00 Write, Read High byte of the clock divider. 

FR Clock Divider 
LSB 

0xFA Write, Read Low byte of the clock divider. 
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MEAS1 Selects 0x2F Write, Read 
Defines LEDs and photodiodes used in measurement 
1. 

MEAS1 
Configuration 1 

0x1B Write, Read 
Configures integration times and ADC gain range for 
MEAS1. 

MEAS1 
Configuration 2 

0x2F Write, Read Configures additional settings for MEAS1. 

MEAS1 
Configuration 3 

0x50 Write, Read Adjusts advanced parameters for MEAS1. 

MEAS1 DRVA 
Current 

0x07 Write, Read Sets the drive current for LED driver A in MEAS1. 

MEAS1 DRVB 
Current 

0x00 Write, Read Sets the drive current for LED driver B in MEAS1. 

MEAS1 DRVC 
Current 

0x00 Write, Read Sets the drive current for LED driver C in MEAS1. 

MEAS2 Selects 0x2F Write, Read 
Defines LEDs and photodiodes used in measurement 
2. 

MEAS2 
Configuration 1 

0x1B Write, Read 
Configures integration times and ADC gain range for 
MEAS2. 

MEAS2 
Configuration 2 

0x2F Write, Read Configures additional settings for MEAS2. 

MEAS2 
Configuration 3 

0x50 Write, Read Adjusts advanced parameters for MEAS2. 

MEAS2 DRVA 
Current 

0x00 Write, Read Sets the drive current for LED driver A in MEAS2. 

MEAS2 DRVB 
Current 

0x00 Write, Read Sets the drive current for LED driver B in MEAS2. 

MEAS2 DRVC 
Current 

0x04 Write, Read Sets the drive current for LED driver C in MEAS2. 

MEAS3 Selects 0x2F Write, Read 
Defines LEDs and photodiodes used in measurement 
3. 

MEAS3 
Configuration 1 

0x1B Write, Read 
Configures integration times and ADC gain range for 
MEAS3. 

MEAS3 
Configuration 2 

0x2F Write, Read Configures additional settings for MEAS3. 

MEAS3 
Configuration 3 

0x50 Write, Read Adjusts advanced parameters for MEAS3. 

MEAS3 DRVA 
Current 

0x00 Write, Read Sets the drive current for LED driver A in MEAS3. 

MEAS3 DRVB 
Current 

0x02 Write, Read Sets the drive current for LED driver B in MEAS3. 

MEAS3 DRVC 
Current 

0x00 Write, Read Sets the drive current for LED driver C in MEAS3. 

THRESHOLD 
MEAS SEL 

0x00 Write, Read Configures thresholds for measurements. 

THRESHOLD HYST 0x00 Write, Read Configures threshold hysteresis. 

PPG HI 
THRESHOLD1 

0xFF Write, Read Sets high threshold 1 for PPG. 

PPG LO 
THRESHOLD1 

0x00 Write, Read Sets high threshold 2 for PPG. 

PPG HI 
THRESHOLD2 

0xFF Write, Read Sets low threshold 2 for PPG. 

PPG LO 
THRESHOLD2 

0x00 Write, Read Sets low threshold 2 for PPG. 

Picket Fence 
Measurement 
Select 

0x00 Write, Read 
Selects the picket fence detection mode for 
measurements. 

Picket Fence 
Cinfiguration 

0x40 Write, Read 
Configures the behavior of the picket fence detection 
algorithm. 

Interrupt1 Enable 1 0x80 Write, Read 
Enables INT1 for specific events, such as FIFO 
almost full (A_FULL). 

Interrupt1 Enable 2 0x00 Write, Read 
Enables additional interrupt events for INT1, such as 
LED compliance. 

Interrupt1 Enable 3 0x00 Write, Read Enables advanced interrupt events for INT1. 
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Interrupt2 Enable 1 0x00 Write, Read Enables INT2 for specific events. 

Interrupt2 Enable 2 0x00 Write, Read Enables additional interrupt events for INT2. 

Interrupt2 Enable 3 0x00 Write, Read Enables advanced interrupt events for INT2. 

14.4  Final system validation 

14.4.1 Complementary tests 

14.4.1.1 LEDs intensity test I 

Objectives 

This test aims to assess the influence of varying LEDs intensities on the morphology 

and the quality of the PPG signal obtained using the BitBrain sensor. The purpose of the 

study is to identify a LEDs intensity configuration that minimizes the occurrence of the 

morphological abnormalities, such as the doble peak phenomenon observed during the 

placement test described in section 6.2.2.2. 

Equipment 

For this test, the same setup described in the placement test in Section 6.1.2.2 was 

utilized. This setup includes the BitBrain prototype mounted on the headband and the 

BitBrain signal viewer for data acquisition.  

Methodology 

In order to minimize the influence of inter-subject variables, the test was performed 

in a single subject. The six LED intensities configurations listed in Table 28 were evaluated, 

where configuration 5 was the configuration used in the previous experiments. In this case, 

the PPG signals was recorded from finger to simplify the setup. For this purpose, the subject 

completed three one-minute trials per configuration, resulting in a total of 18 recordings.  As 

in the placement test, the subject repositioned the prototype between tests.  

Table 28: Proposed LEDs intensity configurations. Own elaboration. 

Configuration LED IR (mA) LED R (mA) LED GREEN (mA) 

1 2.63 2.63 1 

2 3 3 1 

3 7.88 4.88 2 

4 3 4.13 0.5 

5 2.63 1.5 1 

6 4.13 3 0.5 
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Results 

Figure 51 displays the R values obtained for each LED intensity configuration tested 

on the same subject at the finger, with each trial represented in a different color. The mean 

R value across all configurations was 0.5046 ± 0.0149, with a standard deviation of 0.0279 

± 0.0051. Configuration 6 demonstrated the least variability between trials, with a standard 

deviation of 0.0217, while the highest variability was observed in Configuration 1, with a 

value of 0.0347. 

Figure 51 shows the PI values obtained from the red channel on the left and the  IR channel 

on the right for the six different LED intensity configurations. The graphs clearly illustrate 

the PI as a function of the R value calculated for each intensity configuration, with each 

configuration represented in a different colour.  

The two channels show similar distributions, with the IR channel presenting higher values 

ranging from 0.3% to 1.75%, in contrast to the 0.2% to 0.8% range presented in the red 

channel. Most of the data cluster together, with values around 0.5% to 1% in the infrared 

channel and 0.4% to 0.6% in the red channel. Configuration 1 presents the lowest PI values, 

with most of the points around 0.3% in the red channel and 0.5% in the IR. On the contrary, 

configurations 2, 5 and 6 present the highest values, with most of the points reaching 0.6% 

in the red channel and 1.25% in the IR. 

The Table 29 records the results of the PPG Signal Quality Index and the AC and DC 

features for red and infrared channels. These are calculated from the different LED intensity 

configurations using the same criteria as in Table 4 from section 8.1.10. 

 

 

 

Figure 52: R values obtain for 
each LED intensity configuration 

Figure 51: Both graphs display the perfusion index (PI) obtained for each LED intensity configuration and 
trial in relation to the R value. The left graph shows the PI from the red channel, while the right graph presents 

the PI from the infrared channel. Own elaboration. 
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Table 29: Summary of features extracted from the red and infrared channels of PPG signals across all trials for 
each LED intensity configuration. The table includes: Led intensity configuration (Cfg), PPG Signal Quality Index 
for the infrared channel (SQI IR) and red channel (SQI R); mean and standard deviation of the AC component 

for the infrared channel (AC mean IR, AC std IR) and red channel (AC mean R, AC std R). Own elaboration. 

In relation to the PPG signal Quality Index (SQI), most of the configuration shows higher 

values for the IR channel, except for configuration 5, which reaches a value of 98.59 ± 1.21 

in the red channel, compared to the 97.69 ± 2.5 in the IR. The smaller value was obtained 

in configuration 3 (IR SQI: 78.3 ± 10.77, R SQI: 62.39 ± 35.86). 

Regarding the AC component features, the higher AC means, and standard deviations are 

obtained by configuration 3 (IR mean: 117.39 ± 45.39, R mean: 72.01 ± 27.37, IR std: 39.79 

± 8.75, R std: 115.17 ± 138.57) followed by configuration 6 (IR mean: 84.25 ± 6.02, R mean: 

63.17 ± 5.91, IR std: 28.84 ± 3.91, R std: 20.97 ± 2.62). Upon further analysis of 

configuration 3 trials, it was found that the increased AC standard deviation in the red 

channel is due to a motion artifact, with a peak reaching up to 1250. 

Discussion 

From the results in Figure 51 it is found that the error remains under ±0.2% for all 

the cases, a higher value in compare to the ±0.1% error introduce due to the replacement 

what suggest that a part of the variation in the R values are introduce due to the LED 

intensity changes. However, in the case of the perfusion index results, the higher 

consistency between different intensity configuration suggest that the PI is less affected by 

intensity configuration than by replacement.  

According to the data record Table 28, the worst SQI values were obtained in configuration 

3, where morphology abnormalities where also found, including the doble peak discovered 

in experiment from section 8.1.10. Moreover, these abnormalities where also evident in 

configuration 6. Furthermore, in both configuration an increase of the AC std was observe, 

what suggest that the occurrence of these waveform deformations is related to amplitude 

modulations of the PPG signal. Additionally, configurations 3 and 6 correspond to the ones 

with higher intensity valuer for infrared and red channel, what suggest that an increased in 

the intensity might increase the sensibility to waveform deformations,  

 

 

Cfg SQI IR SQI R AC Mean IR AC Mean R AC Std IR AC Std R 

1 81.72 ± 3.72 74.9 ± 5.88 32.51 ± 7.96 37.16 ± 12.64 7.83 ± 0.97 9.22 ± 1.44 

2 94.07 ± 6.21 91.72 ± 9.95 58.55 ± 20.42 70.53 ± 22.02 6.66 ± 2.76 8.01 ± 3.63 

3 78.3 ± 10.77 62.39 ± 35.86 117.39 ± 45.39 72.01 ± 27.37 39.79 ± 8.75 
115.17 ± 
138.57 

4 94.48 ± 5.12 93.07 ± 7.74 36.79 ± 15.36 58.57 ± 22.41 8.3 ± 2.25 12.25 ± 2.43 

5 97.69 ± 2.5 98.59 ± 1.21 55.41 ± 14.87 34.42 ± 8.22 9.08 ± 2.69 5.72 ± 1.67 

6 88.51 ± 8.26 88.95 ± 7.59 84.25 ± 6.02 63.17 ± 5.91 28.84 ± 3.91 20.97 ± 2.62 
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Conclusion 

In conclusion, the LED intensity variation appears to modify both the R error for the 

SpO2 calculation and the SQI value, with the most unfavourable results obtained for 

configuration 3. Furthermore, an association has been observed between the AC std 

parameter and the manifestation of waveform deformation, such as the double peck 

appearance. This finding suggests that LED intensity exerts a significant influence on the 

signal's sensitivity to amplitude modulations, increasing the risk of doble peak appearance 

in higher intensities. Conversely, the intensity fluctuations in LEDs do not appear to affect 

the perfusion index. 
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14.4.1.2 LEDs intensity test II 

Table 30: Summary of features extracted from the red and infrared channels of PPG signals across all trials for 
each subject. The table includes: PPG Signal Quality Index for the infrared channel (SQI IR) and red channel 
(SQI R); mean and standard deviation of the AC component for the infrared channel (AC mean IR, AC std IR) 
and red channel (AC mean R, AC std R); and mean and standard deviation of the DC component for the infrared 
channel (DC mean IR, DC std IR) and red channel (DC mean R, DC std R). Own elaboration. 

Sub Cfg 
SQI 
R 

SQI 
IR 

AC 
Mean 

IR 

AC 
Mean 

R 

AC 
Std 
IR 

AC Std 
R 

DC Mean 
IR 

DC Mean 
R 

DC Std 
IR 

DC Std 
R 

1 

1 28.95 68.42 31.5 14.8 9.81 5.22 25814.53 29114.11 105.21 80.58 

2 45.83 81.25 9.35 12.37 3.72 5.07 7283.28 23543.04 11.59 24.87 

3 48 78 5.08 2.6 2.11 1.1 6018.72 7232.68 11.09 7.69 

2 

1 46.94 62.5 33.35 13.49 2.19 2.17 25612.19 26328.94 42.58 23.63 

2 63.83 69.57 10.01 11.71 0.92 1.03 7552.75 21941.88 19.99 30.53 

3 55.1 71.43 4.86 2.2 1.13 0.51 6419.58 6856.71 51.13 40.21 

3 

1 100 94.23 19.77 8.79 2.01 0.91 24112.08 25925.76 37.82 25.52 

2 89.58 90.57 5.25 6.98 12.01 292.34 7244.97 21999.35 135.94 3144.66 

3 76.47 88.24 3.84 1.86 0.33 0.22 6194.92 6927.34 59.02 49.02 

4 

1 93.48 95.65 24.03 11.37 4.25 2.33 26322.63 28661 21.19 12.42 

2 93.62 97.87 7.79 10.22 1.27 1.93 7691.73 23799.27 7.77 13.4 

3 95.65 100 5.13 2.57 1.36 0.73 6428.27 7339.21 12.15 5.89 

5 

1 100 100 78.05 33.22 6.85 3.15 25252.9 28307.29 14.18 8.97 

2 100 100 22.95 28.32 2.43 3.06 7395.27 23485.55 10.28 7.23 

3 100 100 14.37 6.82 2.24 1.05 6227.43 7254.21 27.06 21.04 

6 

1 76.56 87.5 24.49 8.74 3.95 1.62 24789.94 25590.84 27.83 7.84 

2 81.97 90.16 7.29 7.4 0.69 0.8 7246.25 21230.01 5.31 6.46 

3 94.64 92.86 7.06 2.85 0.9 0.5 6039.88 6532.4 6.95 2.05 

7 

1 95 96.72 38.83 23.85 4.32 3.63 25819.29 28218.48 41.97 49.17 

2 96.08 94.23 11.17 19.46 2.74 11.29 7687.74 23582.36 15.28 44.05 

3 100 100 11.3 8.25 2.79 2.76 6647.72 7493.24 11.57 5.57 

8 

1 74.47 91.3 9.65 4.67 1.15 0.68 24530.66 25478.05 30.36 22.49 

2 93.55 88.71 3.17 4.3 0.31 0.42 7282.73 21249.53 18.01 31.69 

3 80 80 2.46 1.35 0.28 0.19 6230.91 6679.68 23.02 14.76 

9 

1 91.3 97.78 21.72 9.37 1.71 0.81 27860.59 29704.22 65.83 54.71 

2 93.62 100 6.19 7.99 0.75 1.07 8302.53 24899.59 19.29 68.39 

3 63.83 97.83 4.55 2.08 0.74 0.44 7006.28 7778.35 15.73 19.9 

C10 

1 25 43.59 27.06 14.07 6.09 3.54 25629.7 28228.45 48.44 25.97 

2 32.5 30.77 6.37 9.99 1.51 2.34 7620.12 23525.99 25.22 51.44 

3 25 43.59 27.06 14.07 6.09 3.54 25629.7 28228.45 48.44 25.97 

C11 

1 95.83 95.83 58.28 37.71 8.31 6.14 28506.55 29049.51 43.84 36.29 

2 100 100 16.99 30.61 1.32 2.37 8473.63 24104.27 5.27 11.68 

3 96.08 92.16 13.82 9.12 2.1 1.68 7090.09 7485.31 18.5 10.74 

C12 

1 100 100 26.43 12.32 2.05 1.04 25270.41 26382.1 11.83 11.85 

2 91.3 95.74 8.51 11.66 1.05 3.66 7454.81 21930.6 4.45 13.46 

3 100 100 6.78 2.89 0.57 0.37 6209.65 6776.46 3.98 5.22 

 

14.4.1.3 Relative placement of the Sensor 

Objectives 

The objective of this experiment is to assess the influence of the sensor’s relative 

placement. Specifically, it aims to determine whether the sensor's positioning relative to the 
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heart is the factor causing waveform abnormalities. If this hypothesis is confirmed, a specific 

protocol for the sensor’s placement during the hypoxia test can be established. In this test, 

the subject must lie down, simulating the conditions typically encountered during a sleep 

analysis. 

Equipment 

 For this test the equipment used in the experiment from subsection Figure 53 is 

used. Moreover, in order to measure the SpO2 from the forehead a certificated SpO2 sensor 

for PSG is used.  

Methodology 

A total of 12 subjects participated in this 

study. The experimental procedure was 

designed to evaluate the influence of body 

posture on the BitBrain sensor measurements, 

i.e. the influence of the relative position of the 

sensor to the heart. A standardised approach 

was used to ensure the reliability of the results. 

The steps followed during each experimental 

session were as follows:  

The experimental protocol for each participant is outlined below. Initially, the BitBrain sensor 

and the reference sensor were positioned on the subject's forehead. If optimal PPG signal 

quality was not achieved, the sensors were repositioned until the desired signal quality was 

obtained. 

Once the sensors were correctly placed, the subject remained seated for one minute to 

allow the oxygen saturation (SpO2) measurement to stabilise (Table 31). Following this 

stabilisation period, a 40-second acquisition with subject in seated position (left image from 

Figure 54) was recorded. 

Seated Laid 

Figure 54: Evaluated relative placement of the 
sensor with respect to the heart. The left image 
shows the seated position, while the right image 

shows the laid position. Own elaboration 

Figure 53: Equipment used in the relative placement test. Own elaboration. 
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Subsequently, the subject transitioned to a supine position (right image from Figure 54). 

After another one-minute stabilisation period, a second baseline SpO2 measurement was 

taken (Table 31). This was followed by a 40-second recording with the subject in the laid 

position. 

The protocol was designed to ensure consistent and comparable data across all 

experimental conditions. 

Table 31: SpO2 recording prior to the seated and laid setups. Own elaboration  

Results 

Figure 55 illustrates the R values obtained for each subject and subject position (laid in 

green and seated in red), shown on the right. The four graphs on the left present the PI in 

relation to the R values for each subject and placement. Each graph displays the value from 

each channel (red of infrared) and subject position (laid and seated). 

 

 

 

Figure 55: The right graph shows the R values calculated for each subject and position under constant SpO2 
conditions, with laid results shown in red and seated results shown in green. The left graphs show the perfusion 
index calculated in relation to R, for both laid and seated positions and red and infrared channels. Own 
elaboration. 

Subject SPO2 seated (%) SPO2 Laid (%) Subject SPO2 seated (%) SPO2 Laid (%) 

1 98 99 7 98 99 

2 99 99 8 99 96 

3 99 99 9 100 99 

4 98 99 10 98 94 

5 98 99 11 99 96 

6 98 99 12 97 98 
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From the right graph in Figure 55, a similar behaviour is observed for the laid and seated 

setups, with values ranging from 0.35 to 0.55. However, for subjects 9 and 10, higher R 

values are obtained in the seated setup, with values reaching 0.7.  For the perfusion index 

graphs, similar values are obtained for both setups, ranging from 0.02 to 0.10 for the red 

channel and from 0.05 to 0.2 for the infrared channel. An exception is found with subject 5, 

where increased values are obtained in the seated setup (R: 0.09, IR: 0.03) compared to 

the laid setup (R: 0.36, IR: 0.17). 

Table 33 in the annex shows the Signal Quality Index (SQI) along with the AC (mean and 

standard deviation across all pulses) and DC (mean across all pulses) features, calculated 

for both setups (laid and seated) across all subjects. 

In general, higher SQI values are obtained in the seated setup, with an increased difference 

observed in subjects 5 and 3. These subjects presented an increased systolic phase 

compared to the diastolic phase in the laid setup. Conversely, subject 9 displayed improved 

SQI in the laid setup. 

To quantify the differences between setups, the relative difference was computed using 

equation 19 , This equation defines 𝐹𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 as the feature’s relative difference, 

where 𝐹𝐿𝑎𝑖𝑑 represents the feature value in the laid setup, and 𝐹𝑠𝑒𝑎𝑡𝑒𝑑 represents the feature 

value in the seated setup:  

𝐹𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒=
𝐹𝐿𝑎𝑖𝑑−𝐹𝑠𝑒𝑎𝑡𝑒𝑑

𝐹𝐿𝑎𝑖𝑑
×100 

(Eq.19) 

The calculated relative differences for each feature are shown in Table 32: 

Table 32: Relative differences calculates using Eq.19 beetween the Laid and Seated setups. Own elaboration. 

Subject AC Mean IR AC Mean R AC Std IR AC Std R DC Mean IR DC Mean R 

1 21.03 % 30.18 % 87.67 % 98.75 % -8.40 % -5.05 % 

2 26.14 % 37.47 % 88.22 % 99.55 % 0.92 % 1.52 % 

3 -2.48 % -10.07 % 17.31 % 9.00 % -0.95 % -0.01 % 

4 30.00 % 23.72 % 6.17 % -21.43 % -1.34 % -0.18 % 

5 -89.29 % -70.32 % -214.81 % -178.25 % 0.47 % 0.80 % 

6 -1.67 % 17.35 % -18.40 % 7.73 % -2.03 % -1.00 % 

7 -49.26 % -49.57 % -61.33 % -74.49 % -1.14 % 0.20 % 

8 28.49 % 40.30 % -7.32 % 6.90 % -3.52 % -2.70 % 

9 23.42 % 51.71 % -74.23 % -23.20 % -1.73 % -1.19 % 

10 15.99 % 33.86 % -44.61 % -84.09 % -3.14 % -1.94 % 

11 18.43 % 20.24 % -45.32 % -46.08 % -0.43 % 0.53 % 

12 7.57 %  1.06 % -8.16 % 37.08 % -3.16 % -2.54 % 

Mean 26.15 % 10.49 % -22.90 % -14.04 % -2.04 % -0.96 % 

By analysing the relative differences, it can be observed that the most significant changes 

occur in the AC features, with a mean difference of 18.32% for the AC mean (R: 10.49%, 
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IR: 26.15%) and 18.47% for the AC standard deviation (R: -14.04%, IR: -22.90%). For the 

DC features, a mean relative difference of 1.5% is observed (R: -2.04%, IR: -0.96%). It is 

worth noting that for the AC and DC mean values in both red and infrared channels, the 

seated results are consistently higher than the laid results (negative relative differences). 

Conversely, for the AC standard deviation, the seated results are lower than the laid results. 

Moreover, for most of the subject the differences between laid and seated condition vary 

proportionally in both red and infrared channel. However, subjects 8, 9 and 10 suffered un-

proportional differences between setups in the different channels, with doble increases in 

the red channel compared to the infrared channel.  

Furthermore, the present study has identified four different pulse morphologies. These are 

presented in Figure 56. The main differences found between them relate to the appearance 

of a double peak (Subject 9) and, in the case of subject 11, a third peak; and the relation 

between the systolic and the diastolic phases. 

 
A) Subject 8 

 
B) Subject 9 

  

C) Subject 10 D) Subject 11 

  
 
 
 
 
 
 
 
 
 
 

 

Figure 56: PPG pulse Morphologies Identified. Own elaboration. 

Discussion 

The R values obtained in laid and seated setups correlates the SpO2 values measures 

at the beginning of each test, with the little variations explained with the reference SpO2 

error of 2%. However, subject 9 presents an increased variability and a mean R value 
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displaced in compared to the other subjects. Despite the absence of an explanatory 

hypothesis for this phenomenon, the subject 9 was subjected to a second test.  This resulted 

in the observation of a pattern of individual variability in the SpO2 recorded with the 

reference, and the pattern of variability recorded with the sensor was also repeated. 

Consequently, it is hypothesised that this behaviour is not associated with the operation of 

the sensor. 

The variability exhibited by subject 10 can be attributed to an increase in movement 

artefacts, resulting from blinking and frowning. This increased sensitivity to movement is 

attributable to the pressure exerted by the headband. Consequently, during the signal 

quality assessment prior to recordings, the evaluation of head movements can provide 

indications to reposition the sensor, thereby regulating or minimising movement artefacts. 

The differences found between laid and seated position can be explained due to gravity 

effects over physiology factor (hemodynamic and perfusion changes) which mainly alter the 

waveform and the contact surface of the sensor with the skin that affects the pressure 

exerted by the sensor on the skin. These physiological and skin feature differences are 

better observed with the four different identified pulse morphologies, where factor such as 

artery elasticity facilitates pulsation effect  during the aortic valve closure, allowing a better 

observation of the diastolic peak [40].  

The un-proportional variation found in both channels between setups for subjects 8, 9 and 

10 concur with the cases of SpO2 reductions in the laid setup. The problem found here is 

the increased R value calculated in those cases, which suggest an R lines with a reduced 

scope in compared to the result recorded in the hypoxia test, thus affecting the sensor 

sensibility.  

Finally, the calculated relative differences indicate that changing the relative position of the 

sensor with respect to the heart induces changes mainly on the signal quality and on the 

characteristics associated with the AC component, with inverse effects between the 

average and the standard deviation of the AC of the pulses.   

Conclusions 

In conclusion, the relative position of the sensor in relation to the heart instigates 

alterations primarily in the signal quality and the AC component. Consequently, while the 

pulse AC mean increases when the relative position of the sensor with respect to the heart 

is reduced (laid setup), the pulse AC variability increases in higher relative positions of the 

sensor. Therefore, it is essential to undertake the Hypoxia Clinical Trial in the same 

conditions as the system case of use, that is, in the laid position.  

Furthermore, given the influence of band pressure on movement artefact sensitivity, it is 

recommended to assess the signals quality when rotating the head in a fixed axes (laid or 
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seated) prior to sensor recording. This approach enables the adjustment of band pressure 

to mitigate movement artefacts, thereby ensuring the integrity of the signal quality during 

recordings.  

 

14.4.1.4 Complete table of the relative position test 

Table 33: Signal Quality Index (SQI) along with the AC (mean and standard deviation across all pulses) and DC 
(mean across all pulses) features, calculated for both setups (laid and seated) across all subjects. Own 
elaboration 

Pos Subj SQI IR SQI R 
AC 

Mean R 
AC 

Mean IR 
AC 

 Std R 
AC  

Std IR 
DC  

Mean R 
DC  

Mean IR 

L 

1 89.16 93.1 7.09 5.42 163.02 8.84 22652.14 7525.66 

2 89.55 94.44 14.89 11.4 339.27 12.22 21694.65 7186.26 

3 29.31 29.31 9.83 7.25 2.11 1.56 24099.76 7579.89 

4 100 98.73 7.42 6.8 0.84 0.81 21358.6 7226 

5 7.27 21.82 22.34 13.91 2.85 1.62 22620.57 7258.94 

6 14.81 18.52 14.24 7.17 3.62 1.63 24610.27 7665.17 

7 96.3 100 15.07 10.09 0.98 0.75 21387.03 7138.8 

8 100 100 10.72 7.16 0.58 0.41 25797.21 8926.44 

9 100 100 21.95 9.95 1.94 0.97 22557.13 7552.84 

10 93.85 100 32.07 14.32 5.28 2.69 25542.9 8291 

11 100 100 18.48 13.35 2.04 1.39 23055.86 7475.89 

12 94.12 92.65 5.64 4.23 2.4 0.98 22551.85 7251.65 

S 

1 94.44 98.61 4.95 4.28 2.03 1.09 23797.17 8158.02 

2 96.51 100 9.31 8.42 1.51 1.44 21365.22 7120.29 

3 79.66 98.31 10.82 7.43 1.92 1.29 24101.71 7651.6 

4 90.91 95.96 5.66 4.76 1.02 0.76 21397.76 7322.62 

5 80.33 96.72 38.05 26.33 7.93 5.1 22438.79 7225.08 

6 26.79 38.18 11.77 7.29 3.34 1.93 24855.76 7820.87 

7 75.47 96.23 22.54 15.06 1.71 1.21 21343.35 7220.51 

8 98.48 100 6.4 5.12 0.54 0.44 26493.73 9240.71 

9 46.27 38.81 10.6 7.62 2.39 1.69 22825.71 7683.38 

10 56.94 89.55 21.21 12.03 9.72 3.89 26039.34 8551.47 

11 95.52 97.01 14.74 10.89 2.98 2.02 22934.41 7508.31 

12 88.06 91.04 5.58 3.91 1.51 1.06 23125.28 7481.1 
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