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This paper describes the operation model of reflectance oxygen saturation monitor for
freediving implementation and its dependence on distance and interposing media between
the monitor and human skin. The model includes two LEDs with peak radiation wave-
lengths 660 nm and 940 nm and two photodiodes with peak sensitivity at 940 nm, inter-
posing medium layer with air, water or silica glass parameters and seven skin layers. The

modeling is executed by Monte-Carlo method for the cases of air, glass and water as inter-
posing medium and its various width in range from 2 mm to 8 mm which is chosen due to
the planned case construction. The energy fluxes ratio dependence on distance between the
photodiodes and skin is evaluated and analyzed.
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1. INTRODUCTION

Pulse oximetry as a noninvasive method for monitoring
oxygen saturation has become widely known in medicine
and sport. However, there are still several limitations in
oxygen saturation monitors determining the usage such as
certain monitor locality and inconvenience of attachment
to human body for measurements with transmittance
probe usage, monitor inability to measure saturation in
motion, and low accuracy for reflectance probes [1].
These factors tend to decline the oxygen saturation moni-
tors applicability in sport, particularly freediving. For
freedivers not using any underwater breathing equipment
it is inevitable to observe the heart rate and oxygen satu-
ration during the training which may prevent the blackout
or psychomotor retardation [2]. Therefore, the data trans-
fer to trainer’s personal computer is also required to mod-
ify the training process and make it more effective. There
is a challenge in freediving to obtain an oxygen saturation
monitor system which combines all the essential charac-
teristics mentioned before. The designed oxygen satura-
tion monitor model is presented in this paper to achieve
the successful monitor system development.

Freediving implementation requires the maintenance
of athlete mobility, on this account the reflectance probe
was chosen. According to works [3—5] the accuracy of re-
flectance oxygen saturation monitor depends on the dis-
tance between the photodiodes and LEDs; therefore, the
optimum distance was chosen — 6 mm between each pho-
todiode and corresponding LED.

However, there are no works considering water as an
interposing medium. Due to the continuous underwater
usage of monitor it is vital to calculate the impact of water
environment on the optical parameters of the monitor
which is not presented in nowadays studies. Most models
presented in works, for example [6,7], are connected to
terrestrial applications and not appropriate for the
freediving case. As stated earlier, there is a need to use the
underwater operating monitor that can track the parame-
ters during the training in spite of aquatic medium impact.
Consequently, the reflectance oxygen saturation monitor
model with study of water optical properties impact is one
of particular interest for freediving application.

Hence, the goal of this work is to calculate the effect
of interposing media such as water and glass on the oxy-
gen saturation monitor behavior. The oxygen saturation
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Table 1. Optical properties of skin.

. ) Wavelength 660 nm Wavelength 940 nm
Skin layer Saturation level
Wa, mm’! ps, mm’! Wa, mm’! s, mm’!
Stratum corneum - 0.060 100 0.025 100
Living epidermis - 0.075 45 0.075 60
Papillary dermis - 0.016 30 0.120 30
. 70% 0.104 35 0.071 35
Upper blood net dermis
100% 0.020 35 0.080 35
Dermis - 0.010 25 0.150 25
. 70% 0.104 30 0.071 35
Deep blood net dermis
100% 0.020 30 0.080 35
Subcutaneous fat - 0.010 5 0.140 15

monitor model including the 7-layered skin model, the lo-
cation of LEDs and photodiodes, and interposing medium
layer was developed and analyzed to reach the goal.

2. METHODS

For the oxygen saturation monitor two LEDs are selected
with peak radiation wavelengths of 660 nm and 940 nm,
which are conditioned by absorption spectra of hemoglo-
bin. To ensure the same energy fluxes radiated from LEDs
and to provide the components commercial availability
different dimensional specifications of infrared and red
sources were chosen. Thus, the size of infrared LED was
chosen to be 3.5%2.8x0.8 mm and red LED dimensions
were 1.6x0.8x0.8 mm. For each LED total energy flux is
100 mW and viewing angle is 120°.

According to the LEDs parameters and skin’s high ab-
sorbance in infrared wavelength range, silicon photodiode
with peak sensitivity at the wavelength 940 nm is chosen.
As the values have to be precise, the sensitive surface area
of the photodiode must be the largest available for the pre-
sented application limited only by packaging size. The
market research shows that one of the most optimal op-
tions is 7.5 mm? which is used in presented model. The
relative spectral sensitivity of the photodiode with the cho-
sen parameters is 1.0 at 940 nm and 0.65 at 660 nm.

As there is a need to ensure the optimal mobility of the
athlete, the oxygen saturation monitor design is based on
reflectance-mode photoplethysmography which implied
the placement of photodiodes and LEDs on the same side
against the biological tissue.

To consider skin optical properties the 7-layered model
was chosen which included stratum corneum (skin surface),
living epidermis, papillary dermis, upper blood net dermis,
dermis, deep blood net dermis and subcutaneous fat [8]. The
choice of such model was conditioned by the necessity of
blood nets differentiation and the accuracy of determining
the impact of absorption and scattering coefficients [9,10].
Consequently, absorption coefficient p, and scattering

coefficient p_, refractive indices and anisotropy [11] of dif-
ferent skin layers on the wavelengths of 660 nm and 940 nm
were estimated for Caucasian skin type [12]. Absorption
and scattering coefficients of blood net layers were calcu-
lated according to work [13]. Table 1 provides the chosen
coefficients.

The absorption and scattering coefficients of water
were estimated using the works [14-16] according to the
parameters of water in diving pools; chosen coefficients
are shown in Table 2. The thickness of water layer was
varied between 1 and 4 mm due to possible construction
of oxygen saturation monitor case to provide the best op-
tion for the further case design. Silica glass was chosen as
a part of package and modeled as one of the layers with
thickness also varied from 1 to 4 mm, which is limited due
to the need for a tight fit of the monitor on human body.
Different combinations of water and glass thickness are
presented in this work to describe the impact of different
optical properties on the light propagation and to provide
the qualitative analysis for further development.

The model of interaction between radiation of the oxy-
gen saturation monitor and skin layers, glass and water were
calculated using the Monte Carlo method of ray tracing. The
absorption was described with the Lambert-Beer law:

I(z) =1,exp(—p,z), (1)

where /(z) is the light intensity dependence on distance z,
1, is the initial intensity. For the scattering formulation the
Henyey-Greenstein formula

(1-g)
(1+g* —2gcos0)

p0) = T 2

Table 2. Optical properties of water.

Coefficients Wavelength 660 nm  Wavelength 940 nm
a, m! 0.380 10.0
s, m! 7 2
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Fig. 1. Model general form.

where p(0) is photon scattering probability function of the
angle 0, g is the anisotropy factor, was applied as the most
compliant with scattering in biological tissues [17]. To es-
timate the probability distribution to reach the certain dis-
tance in scattering media (skin) the following expression
is also used:

P(x) = exp(—p, ), 3)

where P(x) is photon scattering probability function of the
distance x.

Three different model cases were considered: (1) inter-
action with skin layers and air, (2) skin layers, glass and
air, (3) skin layer, glass and water. The model general
form is presented in Fig. 1.

To consider the results on whole photosensitive sur-
face the value of energy flux is calculated with equation:

cp:jlds, 4)

where O is the value of total energy flux at the photodiode
surface in Watts, / is the energy flux density in W/m?, S is
the photodiode surface area in m?.

To calculate the oxygen saturation the following for-

mula is used:

(AC/DC),, )
(AC/ DC) ’

infrared

SpO, =4-B

where SpO, is oxygen saturation, 4 and B are constants
defined during the monitor calibration, 4C and DC are al-
ternating and direct currents, respectively, for red and in-
frared LEDs fluxes. Consequently, to estimate the satura-
tion value it is necessary to calculate the ratio of
normalized red and infrared fluxes; it is the final step of
this paper.

3. RESULTS AND DISCUSSION

The calculation of interaction between radiation of the
oxygen saturation monitor and skin layers showed that
there is enough resulting power on the photodiode to in-
duce the light current and differentiate the cases of low
and high saturation. The obtained values are presented in
Table 3 for different types of media between photodiodes
and skin layers in width range from 2 mm to 8§ mm.

The obtained values were compared for critical oxygen
saturation values according to technical requirements for
the oxygen saturation monitor: minimum at 70% and max-
imum at 100%. The differences in light flux on the photo-
diode surface for maximum and minimum value of satura-
tion in dependence on distance between photodiodes and
skin layers is depicted in Fig. 2. As a general trend, total
flux declines with the distance increase which is connected

Table 3. The values of total flux on photodiode surface in dependence of material’s width between photodiode and skin layers.

Width of material between Infrared light flux (uW), Infrared light flux (uW), Red light flux (uW), Red light flux (uW),
photodiode and skin layers SpO2 = 70% SpO2 = 100% SpO2 = 70% SpO2 = 100%
2 mm air 483.2 486.1 733.5 781.3

1 mm glass, | mm water 805.4 793.4 1283.2 1368.9

3 mm air 388.3 393.7 586.8 633.9

1 mm glass, 2 mm water 667.3 664.3 1181.2 12543

2 mm glass, 1 mm water 819.7 825.4 1401.1 1502.6

4 mm air 292.0 320.7 324.1 484.7

2 mm glass, 2 mm water 630.1 627.2 1062.6 11323

5 mm air 264.0 259.5 354.6 377.5

1 mm glass, 4 mm water 508.4 502.2 833.9 887.0

4 mm glass, 1 mm water 782.3 628.3 1206.1 11214

6 mm air 188.1 186.9 248.3 268.5

2 mm glass, 4 mm water 502.8 505.2 771.7 831.9

4 mm glass, 2 mm water 646.0 643.8 950.5 1021.3

8 mm air 158.5 155.5 119.6 122.7

4 mm glass, 4 mm water 487.9 487.3 816.2 873.2
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Fig. 2. The differences in flux on the photodiode surface for maximum and minimum value of saturation in dependence of distance
between photodiodes and skin layers: a) case of infrared LED radiation and air between photodiode and skin; b) case of red LED
radiation and air; c) case of infrared LED radiation and larger water layer width; d) case of red LED radiation and larger water layer
width; e) case of infrared LED radiation and larger glass layer width; f) case of red LED radiation and larger glass layer width.

to the partial absorption of LEDs radiation by interposing
media. The differences between the flux in case of mini-
mum and maximum saturation values are visible for red
LED radiation and almost identical to each other for infra-
red LED radiation. However, there are several fluctuating
points: for example, at 4 mm air width or 4 mm of glass
and 1 mm of water, which show the greatest distinction
between 70% and 100% oxygen saturation. The fluctua-
tion is explained with the interposing media scattering and
reflection; light propagation properties which are consid-
ered in model such as photon multiple scattering angle are
slightly changed due to the distance alteration. The inter-
posing medium also impacts the total flux value: it is in-
creased in case of water and glass due to their higher re-
flection coefficients compared to ones of air.

It is important to estimate the ratio of red and infrared
fluxes for further saturation calculations. Thus, red and
infrared fluxes ratio dependence of distance between the
photodiodes and skin layer at critical saturation levels is
shown in Fig. 3. The ratio value becomes higher when
interposing medium includes glass and water compared
to only air. That effect is reached by chromatic disper-
sion in glass and water, and, consequently, more

differences between the light propagation in case of red
and infrared LED radiation which means oxygen satura-
tion monitor works more effectively. Taking into consid-
eration silica glass and water optical properties silica
glass effects the light propagation so that the red and in-
frared fluxes ratio is 20% higher than in the same case
with water. The contrast between the ratios for minimum
and maximum saturation values is steady for all the dis-
tances modeled, and it is easy to distinguish which is vi-
tal for further signal processing.

4. CONCLUSIONS

The reflectance oxygen saturation monitor model was de-
signed and calculated to identify the monitor system oper-
ation efficiency. The modeling was executed by Monte
Carlo method considering silica glass and water as inter-
posing media between the photodiodes and skin layers.
The obtained flux values showed that glass and water op-
tical properties provide the optimal red and infrared fluxes
ratio for further signal processing on analog-digital con-
verter and saturation value calculations. Presented results
express the stability in flux differences for minimum and
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Fig. 3. Red and infrared fluxes ratio dependence on distance between the photodiodes and skin layer at: (a) minimum saturation level,
(b) maximum saturation level.

maximum saturation values; however, the highest flux
values are reached in case of 2 mm glass layer and 1 mm
water layer as interposing media which is going to be used
for the oxygen saturation monitor construction due to the
necessary signal processing in electrical circuit and signal
attenuation.
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VJIK 535.8

Pa3pa0oTka Moae/n myIbCOKCUMETPHYECKOI0 TaTYHKA
JJIsl IPUMEHEeHUs BO QpuIadBUHIE

K.P. Pazxusuna, A.B. Kamapuyk, /I.C. lllupsies

WHCTHTYT NepCTIeKTUBHEIX CHCTEM IIepefadul aHHbIX, YHuBepcuter UTMO, Kporsepkekuii nip., 49, smt. A, Cankr-IlerepOypr,
197101, Poccus

AunHoTanus. B Z[aHHOﬁ pa60Te OImrucaHa MOJICJIb pa60TbI peq)paKL[I/IOHHOFO IIyJIbCOKCUMETPUICCKOT'0 JaTUrUKa Ul MIPUMEHECHUSA €ro
BO @pHHaﬁBHHFe 1 3aBUCUMOCTb MOJICIIN pa6OTLI OT PACCTOSAHUA U CPEIbl MEKIY NaTUUKOM U KOXel dyesoBeka. MoJiellb BKITFOYaeT B
celst JiBa CBETOAMOJa C MMKOBBIMHU NJIMHAMU BOJIH U3JTy4YCHUA 660 M 1 940 HM U 1B (bOTOHHOIIa C TTUKOBOM YYBCTBUTCJIILHOCTBIO Ha
JuHE BOJTHBL 940 HM, cIoi Cpe€abl MEXKAY NaTYNKOM U KOXEH ¢ 3aJIaHHBIMHU napaMeTpaMu BO3yXa, BOABI UJIKM KBApUEBOT'O CTCKIIA U
7 CIIOEB KOXH. MO[IGJII/IPOB&HI/IB IIPOBOAUIIOCH METOJIOM MOHTC-KapIIO JUIA BO3/1yXa, BOABI U CTEKJIA B KAYE€CTBC CPCIAbl MEXKAY AaTUU-
KOM U KOX€EH 1 pa3iMIHbIMH e€ TOJIIMHAMY B IMAIa30HE OT 2 MM JI0 8 MM, 4TO 06yCHOBHeHO 0COOCHHOCTSIMHU IJIaHUPYEMOT'O KOpITyCa.
Brina OIpeacICHa U MPpOaHaJIN3upOBaHa 3aBUCUMOCTH OTHOIICHUS CBETOBBIX IIOTOKOB OT pACCTOSITHUA MEKIY (1)0T0,HI/IOZ[3MI/I 7 KOXEH.

Kniouesvie cnosa: mynbcoKCcUMeETpHs; GpUIANBUHT; HACBIIICHUE KUCIOPOA0M; (oTomieTnsmorpadus; ONTHIECKUE CBOHCTBA KOXKH



