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Abstract. Pulse oximeters are devices that use the photoplethysmog-
raphy technique to estimate oxygen saturation in blood and heart rate.
The MAX30102 is a sensor for reflective photoplethysmography with
signal-conditioning and digitalization stages embedded in a single chip
that facilitate its implementation in wearable devices. However, there are
limitations and external factors that affect its performance in a signifi-
cant way. This paper suggests a pulse oximeter based on the MAX30102
whose performance has been optimized through the design of algorithms
adapted to the signals of this particular sensor. The performance of two
heart rate measurement algorithms is compared, one based on a pulse
counter and the other on the Fast Fourier Transform (FFT). The pro-
posal covers from the algorithms design to the manufacture of a func-
tional prototype tested with volunteers. Results indicate an accuracy
of +£1.39% for the measurement of oxygen saturation and 4+2.04 bpm
for heart rate. The Bland-Altman analysis of the pilot test results indi-
cate that prototype measurements are comparable to those of a high-end
oximeter taken as reference.
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1 Introduction

Photoplethysmography is a non-invasive technique that allows the estimation
of the amount of oxygenated hemoglobin (HbO;) in blood respect to total
hemoglobin. It consists in applying light at different wavelengths, typically red
(A = 660nm) and infrared (A = 880nm), in an area of the body irrigated with
arterial blood to analyze the attenuated light by absorption due to the different
tissues through which it passes [2]. The detection of this dimmed light produces
a variable amplitude signal called photoplethysmogram signal or PPG, which
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has a continuous intensity (DC) and a pulsatile intensity (AC) components [1].
Pulse oximeters use this technique to determine oxygen saturation (SpO,) and
heart rate (HR) quickly and continuously.

During Covid-19 pandemic, the use of pulse oximeters became an obligatory
practice among physicians for the monitoring of patients, both in hospitals and
remotely [3]. The Pan-American Health Organization (PAHO) has established
the technical and functional specifications that clinical pulse oximeters must
follow. As technical requirements, it is pointed out that SpO, and HR mea-
surements must be carried out with a minimum accuracy of £3% and +3 bpm,
respectively, as well as with a one-unit resolution [9]. Among the most important
features required are the display of the photoplethysmography waveform, visual
and audible alarms for out-of-range measurements, charging indicator, battery
status, signal quality indicator and internal data storage [9].

The MAX30102 is a reflection-type photoplethysmography sensor widely
used in the development of wearable devices. One of its advantages is that it inte-
grates within the same chip, a conditioning and digitalization stage for the PPG
signal that reduces the number of electronic components necessary to implement
this sensor in a practical application. Similarly, its intrinsic operating parame-
ters such as sampling rate (SR), LED current (Igp), pulse width and analog
to digital converter resolution (ADC) are fully programmable to the user by
modifying memory registers via the 12C protocol [10]. Obtaining a good quality
PPG signal with this sensor depends to a great extent on finding an optimal
combination of these parameters.

There are several works in which the development of pulse oximeters based
on the MAX30102 is suggested, however, very few of them address the search
for an optimal configuration of its intrinsic parameters and the design of SpO,
and HR calculation algorithms appropriate to the particularities of this sensor in
which its limitations are taken into account [5,6]. Similarly, few papers address
the development of a complete pulse oximeter from the algorithms design to the
manufacture of a fully functional prototype that meets the PAHO requirements
and that has been subjected to tests with users [13].

In this paper, an optimized performance finger pulse oximeter based on the
MAX30102 is presented. This performance optimization is achieved by two ways.
The first one, is to obtain the optimal values for the intrinsic parameters LED
current (I,gp) and sampling rate (SR), with which a high quality PPG signal
is obtained. The second way is the development of SpO, and HR calculation
algorithms adequate for the MAX30102 signals considering both the sensor and
microcontroller limitations. Under this approach, the performance of two HR
calculation algorithms is compared, one based on the analysis of the PPG signal
intensity, and the other, based on a frequency analysis. Finally, a pilot test of the
prototype functioning is carried out in a group of 15 healthy people comparing
it with a high-end commercial oximeter.
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2 Design and Implementation

2.1 General Description of the Developed Pulse Oximeter

The design of the proposed pulse oximeter was performed taking various com-
mercial oximeters as models and considering key elements such as ergonomics
and finger restrain mechanisms. The outer case of the prototype was manufac-
tured using 3D printing with polylactic acid polymers (PLA) and thermoplastic
polyurethane (TPU) and is held together by a screw-spring mechanism that
exerts an adjustable pressure on the finger. Finding the right magnitude for this
pressure is one of the key factors that determine the quality of the PPG signal,
since excessive pressure will completely deform it.

Some of the main operating features of this prototype are the display of the
photoplethysmography waveform, bluetooth connectivity for data storage, visual
and audible alarms for SpOs and/or HR out-of-range measurements, charge mon-
itor and battery status, signal intensity indicator and battery charge via a USB-
C connection. These features fully comply with the functionality requirements
established by PAHO [9].

For the development of the pulse oximeter an ESP32 Expressif Systems
microcontroller was used as the central processing unit. Figure 1 shows the func-
tional prototype in operation.
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Fig. 1. a) Block diagram of the interconnection of the prototype components. b) Func-
tional prototype operating.
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2.2 Acquisition and Conditioning of the PPG Signal

The acquisition of PPG signals is done digitally through the I2C protocol. Since
the sensor has an embedded conditioning stage, there is no need for additional
electronic components as post processing is done digitally. Because the proposed
algorithms for calculating HR are design to work with the pulsatile components,
an IIR type digital low-pass filter was implemented with a cut-off frequency
f. = 0.05Hz.
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Fig. 2. Quality of PPG signal for different I;zp values.

One of the parameters that determine the PPG signal quality is the bright-
ness intensity of the light emitting sources, which is directly linked to the current
intensity supplied to them. In the MAX30102, this current can be varied between
0 and 50 mA at intervals of 0.2 mA and it was determined that the best sig-
nal quality is obtained for values greater than 40 mA. Lower current values can
cause deformities in the PPG signal or produce higher noise levels (Fig.2) that
would affect the performance of the measurement algorithms.

2.3 SpO- Calculation

The calculation of oxygen saturation is based on the fact that oxygenated (HbO5)
and deoxygenated (Hb) hemoglobin have different absorption properties for vis-
ible and infrared wavelengths. This difference allows to estimate the proportion
of HbO to total hemoglobin in arterial blood from the value of the ratio of ratios
(R) of the AC and DC components [4] (Eq. 1).

(ACus/DC)g

R= iR
(ACrms/DC)IR

(1)
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The relationship between R and SpOs is determine experimentally through
ABG (Arterial Blood Gas) tests in volunteers with which a linear approximation
of Lambert-Beer law is obtained (Eq. 2). The values of the coefficients o and 3
depends on the type sensor and are usually proportioned by the manufacturer in
the sensor’s datasheet. In the case of the MAX30102 the value of this coefficients
isa=-17y g =104 [7].

%SpO2 = aR + 3 (2)

2.4 Heart Rate Calculation

The heart rate (HR) indicates the number of heart beats within a minute and
is calculated from the frequency of the PPG signal. There are several meth-
ods to determine this frequency but in general they can be classified into two
categories: methods that analyze the intensity of the signal and methods that
perform decomposition into frequencies. Both methods were studied in this paper
with a particular approach in the MAX30102 to determine its advantages and
limitations in a practical implementation.

The methods of intensity analysis consist mainly of detection and peak count-
ing algorithms that require few computational resources but are susceptible to
failures in the presence of noise. It has been noted that two of the factors affect-
ing the performance of the MAX30102 are movement in the measurement area
and low blood perfusion [11]. The movement deforms the PPG signal by inducing
fake peaks and sudden amplitude changes, while low perfusion causes significant
attenuation on the pulse’s amplitude and an increase in the base noise level.
That is why the suggested algorithm seeks to detect these alterations on the
PPG signal and discriminate them in the final calculation of the HR so as not
to affect the measurement.

The proposed algorithm comprises a peak detection stage inspired by an
algorithm proposed by Arguello, to which a number of additional conditions
have been added to improve the detection for the specific case of the MAX30102
signals [14]. This algorithm works under the assumption that a PPG signal is a
strictly increasing function. That is, if the function is denoted by f, then all the
points that make it up fulfill the following condition in time (¢):

fltip) >f(t) i tipr > (3)

A peak is detected when a sign change occurs on the slope of the signal.
To differentiate a systolic peak from a diastolic one the algorithm counts the
number of times that the condition of Eq. 3 (num_upsteps) is meet and evaluate
whether this number of occurrences reaches a threshold value, in which case it
is concluded that a peak has been detected. Because PPG signals have ampli-
tude variations, this threshold is recalculated dynamically according to the total
number of samples that make up the rising flank of a systolic peak and which
depends on the sampling rate (SR) of the sensor.

One of the additional conditions proposed compares the amplitude of a signal
sample (samp(i)) with a threshold value (PPGyy) that is equal to 1.5 times the



Optimized Performance Pulse Oximeter 343

mean value of the PPG signal calculated for a 50-second window that is updated
in real time. This allows to improve the detection of pulses in the presence of
slight movements and low intensity noise. Similarly, it was added a condition for
resetting the threshold value when there is a substantial increase in the amplitude
of the signal due to sudden movement. The flow chart of the suggested algorithm

is shown in Fig. 3.
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Fig. 3. Flowchart of the proposed algorithm for the detection of peaks in the PPG
signal for later use in the calculation of HR.

Unlike the methods used in the intensity based analysis, the frequency meth-
ods perform a spectral decomposition of the signal in its fundamental compo-
nents by using algorithms such as the Discrete Fourier Transform (DFT). In
practice, DFT is solved by optimized algorithms such as the Fast Fourier Trans-
form (FFT) which greatly reduces the number of operations required [15]. Some
research where the FFT has been used to calculate HR point out that the results
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are very similar to those obtained with pulse counting algorithms [16]. For this
research, the applied FFT algorithm was a 512-point radix-2 Cooley-Tukey algo-
rithm.

An important advantage of this method is that it has a higher noise immunity
compared to pulse counters, however, to calculate HR with the desired resolution
of 1 bpm it is necessary for the FFT to calculate the PPG signal frequency with
a minimum resolution of 0.016 Hz. This means that the number of data (N)
required for a given sampling rate (SR) and frequency bin (N,, ), has to be very
large, as indicated in Eq.4 [17]. In a practical implementation this represents a
disadvantage due to SRAM memory limitations of the used microcontroller.

SR
= 4
n N ( )

In the case of MAX30102, in order to maximize the FFT resolution, the
maximum possible sample rate of the sensor (SR = 50 mps) should be used.
Preliminary tests with the ESP32 showed that the largest number of floating
point variables that can be stored for the implemented FFT is 512, which implies
that the maximum resolution in the frequency calculation is 0.097 Hz, equivalent
to 5.8 bpm in heart rate units.

fFFT = Nb

2.5 Comparison of HR Calculation Algorithms

To evaluate the operation of the proposed algorithms, a series of computer tests
were carried out with simulated PPG signals for different HR and SNR (Signal to
Noise Ratio) values and it was concluded that the FFT had a better performance
in presence of noise and movement than the intensity algorithm as espected
(Fig. 4), however, because of the limitated SRAM memory in the microcontroller,
the 5.8 bpm resolution in the calculation of the HR does not meet the PAHO
requirement of one-unit resolution. For this reason, it was decided to use the
intensity based algorithm in the in the final prototype.

3 Results

A series of validation tests were performed to determine the accuracy of the
prototype. SpO, and HR measurements were compared with those of a high-end
commercial oximeter model Masimo® MightySat. Table 1 shows a summary of
the absolute (g;) and relative (Z,9;) average errors obtained after testing the
final prototype on a healthy volunteer. The results indicate accuracies of 1.39%
and 2.04 bpm for SpO, and HR, respectively, which clearly meets the PAHO
requirements.

To evaluate the performance of the prototype in a real environment, it was
considered necessary to carry out a pilot study in a small sample of healthy
people.

To carry out this study, verbal informed consent was obtained from the partic-
ipants, which is authorized in Mexico for minimal risk and non-invasive research
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Fig. 4. Heatmap of the relative error ,94 in the calculation of HR performed with
simulated PPG signals with different combinations of HR and SNR values using a) 512
point FFT and b) intensity based algorithm.

such as pulse oximetry, as indicated in articles 17 and 23 of Chap. 1 of the Mex-
ican General Health Law [12].

The performance of the prototype was compared with that of the same high-
end oximeter used in the validation tests. A total of 15 people participated in
the test. 60% were female and the rest were male. The average age was 41 years
(£16) and the third part of the sample said they had suffered from COVID-19
in the last year.

Ezperimental methodology: 3 measurements were taken for each test subject.
Both oximeters were placed simultaneously on the right hand: the prototype on
the index finger and the reference on the middle finger. The first measurement
was recorded one minute after placing the oximeters, the second, passed 3 min,
and the third after 5 min.

Based on the results obtained, a concordance analysis was done using the
Bland-Altman method, in which concordance limits are established to study
the level of agreement between two instruments or measurement methods. After
applying the Student’s T-test to the sample, it was observed that the difference



346 R. Cebada-Fuentes et al.

Table 1. Absolute (£;) and relative (£;) errors in the measurement of SpO> and HR
with the working prototype.

Variable €4 &%
SpO2 1.39 % 1.49
HR 2.04 bpm 2.31
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Fig. 5. Bland-Altman plots for a)SpO2 measurements and b) HR measurements.

between the SpO> and HR measurements of both oximeters had a p value of p >
0.05, which indicates that they are not statistically significant. As for the Bland-
Altman analysis, the dispersion graphs were made by plotting the differences
between the reference measurements (Ref) and those of the prototype (Pror)
against their corresponding average values. The confidence intervals which group
95% of the data were plotted at +£1.96 standard deviation (o) from the average
value of the differences as shown in Fig. 5 [8].

It is clear that the Bland-Altman analysis show different results from those
reported in Table1. This difference can be attributed to severals factors, but
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mainly it is due to the different methodology follow in the pilot test. Whereas
in validation tests measurements from the prototype and the reference oximeter
were recorded just once, those of the pilot test were recorded three times sepa-
rated by 2min, and since the values of SpOy and HR are not static, the results
displayed by the prototype can be different because the response time of each
oximeter is not the same. In any case, this does not imply a greater error.

4 Conclusions

An optimized performance pulse oximeter based on the MAX30102 was obtained.
The developed prototype meets the technical and functional requirements estab-
lished by the Pan American Health Organization for clinical pulse oximeters.
Results show that the proposed algorithms calculate SpO; and HR with one-
unit resolution and accuracies of 1.39% and 2.04 bpm, respectively.

Two algorithms to calculate HR were proposed. The FFT showed a better
performance than the intensity based algorithm for PPG signals with low SNR
values and fake peaks induced by movement. However, to guarantee its correct
operation, a microcontroller with greater SRAM memory capacity must be used.
Finally, the Bland-Altman analysis of the pilot test results indicate that the
measurements of the prototype are comparable to those of a high-end commercial
oximeter. However, it is advisable to carry out a validation with a larger number
of people.
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