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RESUMEN 

Este artículo presenta los resultados preliminares de un sensor de glucosa no invasivo que 

utiliza espectroscopia de infrarrojo cercano con el objetivo de medir la glucosa analizando la 

absorción de luz de la glucosa en dos longitudes de onda específicas. Se diseñó un circuito de 

adquisición de datos, que incluye el estado de control del LED, el amplificador de 

transimpedancia y los circuitos de filtrado, así como un algoritmo de estimación mediante 

regresión de mínimos cuadrados parciales (PLS). Los datos se adquirieron a través de tres 

etapas diferentes, cada una con condiciones distintas. El sistema se calibró con 60 datos de 

cada longitud de onda y se probó con 12 datos de cada longitud de onda. Los resultados se 

evaluaron con el error cuadrático medio (RMSE) y el análisis del error de rejilla de Clarke.  

Palabras clave: Diabetes, sensor de glucosa, no invasivo, prototipo, estimación. 
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ABSTRACT 

This paper presents the preliminary results of a non invasive glucose sensor using near 

infrared spectroscopy with the aim of glucose measurement analyzing the glucose light 

absorption at two specific wavelengths. A data acquisition circuit, which include LED control 

state, transimpedance amplifier and filtering circuits were design, as well as an estimation 

algorithm using Partial Least Square (PLS) regression. The data was acquired through three 

different stages, each one with different conditions. The system was calibrated with 60 data 

from each wavelength and tested with 12 data from each wavelength. The results were 

evaluated with the Root Mean Square Error (RMSE) and the Clarke’s grid error analysis.  

Key words—Diabetes, glucose sensor, non invasive, prototype, estimation. 
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INTRODUCTION 

In the last years, the amount of people diagnosed with diabetes has increased in 

unbelievable numbers. According to the World Health Organization, from 1980 to 2014 the 

quantity of people with diabetes increased from 108 millions to 422 millions [1]. This disease 

is not only a world wide public health challenge, but also a national challenge. In fact, 

according to the Pan-American Health Organization, in Ecuador there is a prevalence of 1.7% 

of diabetes in adults from 10 to 59 years old [2]. 

Diabetes is a disease which does not recognize between age, gender, race, and it is 

caused by an immunologic effect where the body identifies the insulin produced by the 

pancreas as an external agent and attacks it. There are three types of diabetes: Type 1 

Diabetes Mellitus (T1D), Type 2 Diabetes Mellitus (T2D), and Gestational Diabetes Mellitus 

(GD) [3]. One similarity between all of these types of diabetes are the cost of the disease. The 

minimal cost for treating this illness in Ecuador, which includes clinical examinations, 

medical consultations, supplies and medications is $224,36 per month or $2692,32 per year 

[4]. In this analysis, the supplies and medications that are considered are the cheapest ones, 

but nowadays the best way to control and avoid future complications is the use of new 

technologies that are even much more expensive. 

After insulin, the most important supply for diabetes treatment is the instrument for 

measuring the blood sugar or glucose called glucometer. The most widely used glucometer is 

the Accu-Chek Performa Nano, where a test strip and a drop of blood is used to determine the 

amount of glucose after few seconds [5]. Other instruments for glucose measurement are the 

Continuous Glucose Monitoring (CGM) which are sensors that capture information about the 

behaviour of glucose through interstitial tissue. One of the most popular CGM is the Free 

Style Libre, a glucose sensor from Abbot which main difference with glucometers is that 
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these instruments give information in terms of glucose tendency [6]. All these instruments are 

invasive or minimal invasive, however they causes pain to patients. 

The focus of this study is centered around a non invasive way for measuring glucose 

level, and compare our method with the other instruments for glucose measurement such as 

the Accu-Chek Performa Nano and the Free Style Libre. Moreover, the aim of this research is 

to analyze the glucose light absorption at specifics wavelengths using the Lambert-Beer law, 

make a partial least square regression to calibrate a glucose measurement estimation model. 

This work is organized in the following manner: in the section of development is the 

methodology to obtain the photoplesthysmogram (PPG) signal, process it and calibrate the 

model. In this section, the experimentation and results are presented for a variety of scenarios 

with respect to glucose measurement under different amount of carbohydrates ingested. The 

overall findings and future steps are presented in the conclusion section. 
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DEVELOPMENT 

METHODOLOGY  

In this section, the Lambert-Beer law is explained through their equations. Then, the two 

wavelengths are defined for obtaining the peak light absorption of glucose. Moreover, each 

part of the circuit to obtain the PPG signal together with the design equations are explained. 

The signal processing, which includes a peak and valley detection algorithm and absorbance 

calculation are also presented. Finally, the calibration model and glucose estimation is 

detailed. 

Lambert-Beer Law 

Before explaining the Lambert-Beer law, it is important to understand the behaviour 

of light when it has interaction with glucose and human tissue. As it can be seen in Fig. 1, 

there are two main elements: the NIR diode and a photodiode. The intensity of reflected light 

is the aspect to be analyzed. In Fig. 1 a), there is a little light absorbance, which means a less 

glucose concentration due to the light intensity received by the photodiode is low. In the 

other hand, in Fig. 1 b), when there is more glucose in blood, the light intensity is higher 

because there is more reflected light so that the absorbance is also higher [7][8][9][10]. 

 

 

Figure 1 Behavior of light across human tissue. Principle of reflection [8]. 
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The Lambert-Beer law is the method used to estimate the glucose value through the 

information gather by the light absorbance of tissue. This law states that the absorbance of 

light through any type of solution is proportional to the concentration of the solution and the 

length path travelled by the ray [7][8][9][11]. Equation (1) describes the Lambert-Beer law 

where 𝐼 is the light intensity at an specific wavelength, 𝐼𝑜 the incident light intensity, ε is the 

molar extinction coefficient, 𝐶 is the molar concentration and 𝐿 is the path length [7][8][9]. 

Equation (1) is modified with the aim to obtain the absorbance of light. The new equation can 

be seen at equation (2) where 𝐴 is the absorbance, 𝐼𝑜 is the intensity of incident light and 𝐼 is 

the intensity of light at a specific wavelength [8][9][12]. 

𝐼 = 𝐼𝑜𝑒−𝜖𝐶𝐿      (1) 

𝐴 = log10 (
𝐼

𝐼𝑜
)     (2) 

 At this point, the basic concept of the Lambert-Beer law is used for glucose 

estimation, now we will move on to the determination of peak light glucose absorption 

wavelength. 

Wavelength of peak light glucose absorption  

First of all, it was decided to use LEDs because they are cheaper and easier to obtain 

than laser lights. It is important to highlight that at different wavelengths, elements have 

different peak absorption of light [7][11][8][9][12][13][14][15][16][17], for this reason it was 

decided to choose a wavelength where glucose has a peak light absorption and other where 

glucose has a lower peak light absorption. According to [17], to have two absorbance at 

different wavelengths can lead to obtain a better estimation model based on multivariate 

analysis. For this reason, the wavelength of 940nm that produces a considerable peak light 

absorption was chosen. Moreover, a wavelength of 860nm was also selected due to it 
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produces a lower peak light absorption for glucose. The elements purchased were the 

VSLY5850 of Vishay as the 940nm LED and the VSMB3940X01 of Vishay as the 860nm 

LED.  

Other important element to be selected is the photodiode which must match with the 

same wavelength of the peak light absorption of glucose in order to have the best 

performance. According to suggestions of [7][11][8][9][12][13][14][15][16][17] the 

QSB34GR of Fairchild Semiconductor was selected because it has a peak light absorption at 

940nm which is the peak light absorption of glucose and it also has a natural light filter for 

noise suppression. With the two important elements for the light absorption peak of glucose, 

the design of each part of the circuit to obtain the PPG signal can be explained. 

Obtainning the PPG signal 

To get the PPG signal, first it is necessary to understand how this signal works. The 

sensor for obtaining a PPG signal works similar to a pulse oximeter, where the light 

absorption depend on the heart beat due to the expansion and contraction of blood vessels in 

the finger after each heart-beat [8][14]. A PPG signal is composed by two parts: a pulsatile 

component that comes from the change of blood volume of heart-beat and non pulsatile 

component that has low frequency components that comes from different factors such as 

respiration, vasomotor activity and thermoregulation [8][9][14][16].  

Based on this change in blood volume, the PPG signals sensor detects variations in 

the intensity of transmitted or reflected light of the tissue. When light penetrates into the 

human tissue, its intensity fluctuates through the cardiac cycle. Therefore, the photodiode 

generates a current that is directly proportional to variation of light intensity 

[8][9][14][15][16]. Fig. 2 shows the behaviour of the PPG signal. 
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Figure 2 PPG signal per parts [8][17]. 

After understanding the operation of PPG signals and their parts, it is possible to 

move on to each part of the acquisition circuit. 

Transmitter and receptor configuration 

To have a better glucose estimation, the light that is transmitted should be able to 

reach into the deepest human body layer. To achieve the subcutaneous tissue and use the 

method of reflection, it is necessary to establish a distance between the emitter and the 

receiver because of the path length is equal to half of the distance between the two devices 

[7][8][9]. So that a distance of 4mm was selected with the aim that the penetration be 2mm in 

the finger tissue.  
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Figure 3 Control circuit of ON/OFF state of LEDs. 

The design of the circuit was based on [7][11][8][9][10][12][13][14][15][16][18] and 

[19]. Fig. 3 presents the ON/OFF LEDs control circuit. As can be seen, a Bipolar junction 

transistor (BJT) controls the state of the LED using a Pulse width modulation (PWM) signal 

with a frrquency of 1Hz generated by an Arduino UNO. Equation (3) presents the design of 

BJT input resistance. 

𝑅1  =
𝑉𝑐𝑐−𝑉𝐵𝐸

𝐼
 =  

5𝑉−0.65𝑉

10𝑚𝐴
=  380 Ω    (3) 

For the design of the resistance that connects Vcc with the anode of the LED, it is 

important to take into account the necessary voltage that needs the LED to emit the light at 

the correct wavelength. For the 940nm wavelength, it is necessary a voltage of 1.55V, and for 

the 860nm a voltage of 1.35V is needed. Moreover, according to the data sheet [20][21], the 

forward current is 50mA for the 940nm LED and for the 860nm the current is 100mA, so that 

the resistance value for each led is (4).  

𝑅2  =
𝑉𝑐𝑐−𝑉𝐿𝐸𝐷940𝑛𝑚

𝐼𝑎𝑐𝑡
 =  

5𝑉−1.35𝑉

50𝑚𝐴
=  73 Ω

𝑅3  =
𝑉𝑐𝑐−𝑉𝐿𝐸𝐷860𝑛𝑚

𝐼𝑎𝑐𝑡
 =  

5𝑉−1.65𝑉

100𝑚𝐴
= 33 Ω

   (4) 
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The 2n3904 was the BTJ selected together with a resistance of 330 Ω for the base. 

Moreover, for the 940nm LED, one resistance of 10 Ω in series with other two of 33Ω was 

used for the 840nm LED only one resistance of 33 Ω. As the emitter and receiver needs to be 

at a distance of 4mm, a superficial contact PCB was made to get the best results. 

Transimpedance amplifier 

The photodiode produces a current which is proportional to the light intensity change, 

so that, to measure that change it is necessary to transform current into voltage, this operation 

does the transimpedance amplifier. Fig. 4 shows the circuit of transimpedance amplifier, the 

configuration of the transimpedance amplifier used is the zero-bias mode, where the anode of 

the photodiode is connected to ground and the cathode to the negative entrance of the 

amplifier . With this configuration the OPAMP keeps the voltage across the diode zero and 

the resistance creates a voltage at the output of the amplifier [8][9]. The capacitor is used for 

stability and filtering as a low pass filter [9][20]. 

 

Figure 4 Transimpedance amplifier circuit. 
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To design the resistance and capacitor of the transimpedance amplifier, the equation 

of [9] was used. An important fact to take into account is the amplifier bandwidth gain. The 

capacitor can make unstable the output of the amplifier due to the fact that if the intersection 

of cut off frequencies of zero and polo is outside the bandwidth gain, the output will oscillate 

[9][20]. With this in mind, a LM358 device which has a bandwidth of 1 MHz was used, 

knowing that the capacitance of the photodiode is 25pF and as was recommended in [9], the 

chosen resistance is 100k Ω. Equation (5) was used to completely design the transimpedance 

amplifier. 

𝐶3 =
1

4𝜋𝑅4𝐺𝐵𝑊
[1 + √1 + 8𝜋𝑅4𝐶𝑝𝑑𝐺𝐵𝑊] = 7.15 𝑝𝐹  (5) 

A commercial ceramic capacitor of 6 pF was used. After the transimpedance 

amplifier, it is necessary to filter the signal to eliminate noise and only keep the frequency 

band where PPG signals are. 

Filters 

A filter stage is needed in order to eliminate information of unwanted frequencies and 

to remove noise. PPG signals work in frequencies between 1Hz and 10Hz, for this reason, it 

is necessary to use a band pass filter to keep this frequency band. At the output of the 

transimpedance amplifier, an active band pass filter that is made up by a high pass filter, 

followed by a voltage follower configuration together with a low pass filter are fitted. The 

low pass filter and the high pass filter are referenced to a voltage of 2.5V instead of ground 

because this way the PPG signal will not have negative values. 

The design of both low pass and high pass filters was based on equation (6). It was 

decided that the value of the capacitor for the high pass filter is 10 μF and for the low pass 

filter a capacitor of 100 nF. The cut off frequency for the high pass filter was of 10Hz and for 

the low pass filter was of 0.86Hz. Equation (7) presents the resistance values for both filters. 
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A voltage divider configuration was used to obtain half of the input voltage, this new voltage 

works as a new voltage reference. Then a voltage follower is also implemented so that the 

voltage divider does not affect the behavior of the band pass filter. [8][9]. The LM358 device 

is also used for the voltage follower configuration. The entire circuit with the respective 

values of elements can be seen at Fig. 5. After the filtering of the signal it is necessary to 

digitize it. 

𝑓𝑐 =
1

2𝜋𝑅𝐶
     (6) 

𝑅5 =
1

2𝜋10𝜇𝐹0.86𝐻𝑧
= 18.5𝑘 Ω

𝑅6 =
1

2𝜋100𝑛𝐹10𝐻𝑧
= 159𝑘 Ω

   (7) 

 

Figure 5 Filters and voltage divider circuits. 
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Microprocessor and external analog to digital converter  

Two different Arduino boards were used in this project. One of them manage the 

ON/OFF control of the LEDs and the other obtains the digitization of the analog PPG signal. 

To have a better signal resolution, an external analog to digital converter ADS1115[21], 

which has a 16 bit resolution, is used in stead of Arduino analog channel that only has 10 bit 

resolution. In order to communicate the external analog to digital converter with Arduino 

MEGA board, the connection SDA and SCL was used. 

Signal processing 

MATLAB is used to process the signal. First of all, the ADS1115 takes samples with 

a frequency of 475 Hz, and with a MATLAB code, the digital value is printed with a 

frequency of 100 Hz and save it in a matrix. Then, the signal is analyzed with a peaks and 

valleys detection algorithm. Finally, the light absorbance is calculated based on the Lambert-

Beer law. 

Peak and valley detection algorithm 

The peak and valley detection algorithm is straight forward. First, the peaks of the 

signal are found as maximum values. In order to get the valleys, the signal is inverted and the 

peaks are also found so that, this new peaks are actually the valleys of the original signal. 

After that, a code to determine if the peaks and valleys found are correct was made. In this 

code, the maximum peak and valley values are found and a difference between those values 

are calculated, then it is multiplied by a threshold. If this new value is higher than threshold, 

the peak and valley position is saved. This process is performed for all peak and valley 

values. 
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Light absorbance 

The light absorbance is obtained based on Equation (2) where 𝐼𝑜 is the difference 

between the peak and valley and 𝐼 is the value of the valley. Then an average of the detected 

peaks and valleys is calculated in order to calibrate the model and to obtain an error between 

each calculated absorbance with the average. 

Model calibration and glucose estimation 

With the absorbance data collected, it is necessary to make a model that estimate the 

glucose value. As suggested in [17], the model of partial least squares (PLS) regression was 

selected due to the fact that the method finds a linear regression with a projection of the 

predicted variables and the observed variables in a new space [17]. In addition, the PLS 

regression model lets does a multivariate model where the information of absorbance at two 

different wavelengths are the inputs allowing that the estimation model will be more 

accurate. The MATLAB plsregress function gives betaPLS coefficients which are basically 

the scores of the linear regression model. These values are desired because they can be used 

to estimate the value of glucose only with the information of absorbance.  

In order to calibrate the model, the 80% to 85% of data collected is used to obtain the 

scores of the linear regression model. The rest 15% to 20% of data is used to test how well 

the model works for estimate the glucose value.  

Finally to be sure that the glucose estimation is clinically correct, 2 measurements are 

going to be used. One is the root mean square error (RMSE) which gives the information 

about for how much the estimation model is not accurate from the real glucose value. 

Equation (8), where  𝐴𝑖̃ is the value estimation, 𝐴𝑖 is the real value and n is the number of 

samples, describes how to calculate the RMSE. 
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𝑅𝑀𝑆𝐸 = √∑ (𝐴𝑖̃−𝐴𝑖)𝑛
𝑖=1

2

𝑛
     (8) 

The second one is the Clarke’s grid error analysis which have 5 different zones and 

relates the glucose estimation value and the real glucose value. This grid establishes that if 

the estimation value is in the zone A or B, it is clinically acceptable and it could pass all the 

clinical tries [7][11][8][9][10][12][13][14][15][16][17][18][19]. To obtain the results of the 

Clarke’s grid error analysis the code found in [22] was used. 

EXPERIMENTATION AND RESULTS 

This section talks about how the data for calibrating and estimating glucose was 

acquired, besides reports on the obtained results and errors between the estimated glucose 

value of the non invasive sensor and the blood glucose obtained by the glucometer Accu-

Chek Performanano and the sensor FreeStyle Libre of Abbot. 

Test bench design 

Data were collected from only one person. There were 3 stages of data collection: 

• 1st stage: For two straight hours, the data was collected every 5 minutes with the Free 

Style Sensor, the Accu-Chek Performanano and the non invasive sensor. For this 

stage the person was fasting and after the first 15 minutes or 4 data collected, the 

subject ingested 25g of carbohydrates and does not have an insulin injection to obtain 

the change of glucose through time. 

• 2nd stage: For two straight hours, the data was collected every 5 minutes with the 

Free Style Sensor, the Accu-Chek Performanano and the non invasive sensor. For this 

stage the person was fasting and after the first 15 minutes, or 4 data collected, the 
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subject ingested 25g of carbohydrates and had a dose of insulin injected to obtain the 

change of glucose through time and under insulin effect. 

• 3rd stage: Information was collected randomly through two days until 24 absorbance 

values were acquired. 

At the end of data collection, 72 data for each wavelength had been acquired, where 

60 data of each wavelength where used to calibrate the PLS regression model and the other 

12 to test how good the estimation model is. The results obtained can be seen in the next 

section. 

PPG signal and peak and valley detection algorithm  

Fig. 6 presents the PPG signal obtained with the peaks and valleys detected by the 

algorithm. In table I the average absorbance of different samples can be seen, as well as the 

error between the peaks and valleys of that sample with the average of those peaks and 

valleys to confirm that the data collected is correct. 

 

Figure 6 PPG Signal obtained at 940nm wavelength. 
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Table 1 Absorbance of different data and error between peaks and valleys of the sample. 

 

Non invasive sensor glucose estimation and RMSE 

After calibrating the model with the 60 data from each wavelength, the rest 12 data 

was used to test how well the model can estimate the glucose value. Table II shows the value 

of the 12 glucose measurement made with the blood test on the Accu-Chek Performa Nano, 

with the FreeStyle Libre and with the non invasive glucose sensor. In this table the RMSE 

between the blood glucose, the non invasive sensor and the FreeStyle Libre sensor are also 

presented. Looking at these results, it is clearly seen that data from the non invasive sensor 

has a RMSE lower than the FreeStyle Libre sensor data. In fact, the method of this project is 

approximately 11 mg/dl more accurate than the FreeStyle Libre sensor. 
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Table 2 Glucose measurement in blood, the FreeStyle Libre sensor, the non invasive sensor and the RMSE. 

 

Finally, Fig. 7 shows the Clarke’s error grid where the estimated results of the non 

invasive glucose sensor and the FreeStyle Libre sensor together with the real blood results are 

plotted. The Clarke’s grid diagram shows that for the non invasive sensor 11 (91.67 % )of the 

12 testing data is in zone A and 1 (8.33 % ) of data is in zone B. In comparison, for the 

FreeStyle Libre sensor the Clarke’s grid graph shows that 10 (88.33 %) of the 12 testing data 

is in zone A and 2 (16.67 %) of data is in zone B. With these results, it is evident that thenon 

invasive sensor presents more accurate measurements than the FreeStyle Sensor. It should be 

noted that any information of the non invasive sensor is in zone C, D or E which indicates 

that even though the data is not big enough to have a good deep analysis, it has promising 

results and clinically acceptable. 
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Figure 7 Clarke's error grid analysis. 
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CONCLUSSIONS  

A glucose estimation value using the PPG signal information and calculating the light 

absorbance by the human tissue was the main objective of the present research and was 

successfully accomplished using a PLS regression for calibrate the model. From the 

experimental test, the RMSE between the blood glucose and the non invasive sensor is 11 

mg/dl which is more accurate than the RMSE of the blood glucose and the FreeStyle libre 

sensor. Moreover, when analyzing the Clarke’s grid error, it was possible to obtain that 91.67 

% of the data was in zone A and 8.33 % of the data was in zone B therefore this results are 

clinically acceptable as long as there is no estimated glucose in zones C, D and E. Moreover, 

from the experimental test, it can be concluded that the non invasive sensor has a more 

accurate estimation than the FreeStyle Libre which only presented 83.67 % of data in zone A 

and 16.67 % of data in zone B. 

Despite the lack of data to calibrate the model and test how well it behaves when it 

has to predict glucose value compared to other investigations, the results obtained are 

promising. Especially, although there was not much data, the non invasive sensor shows 

better RMSE than the FreeStyle Libre when compared to blood glucose. Besides, the 

estimated glucose could be considered clinically valid for the subject we obtained the 

information. 

Future work 

As this was the first step towards a non invasive glucose sensor, it is consider that for 

future work involving this method, the amount of data must be large enough to obtain more 

reliable results and a better calibration. Moreover, with more data it could be possible to have 

more feasible RMSE and Clark’s error grid analysis so it can be clinically accepted. For the 
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estimation model, it could be implemented an artificial neural network where it considers 

other information that gives the PPG signal as blood pressure, blood oxygenation, respiration, 

heart rate and see if the model is better or not compared to the PLS regression model. Finally, 

this method could work as a closed loop with an insulin pump with the principal objective to 

imitates an artificial pancreas. 
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ANNEX B: PCB CIRCUIT BOARD FOOTPRINT 
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ANNEX D: DATASHEET OF VSLY5850  
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ANNEX E: DATASHEET OF QSB34GR 
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ANNEX F: DATASHEET OF ADS1115 
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