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Abstract: Photopletysmography and an associated technique
called pulse oximetry are still explored due to the expectations
that they give a lot of information about the state of the patient
and, also, due to the fact that they are non invasive. Knowledge
about the impact of various parameters on the measured signal
leads to a faster and a more reliable way of analyzing measure-
ment results and finding the dependencies between the involved
factors. This study is an overview, where different factors which
have an impact on measuring the PPG signal are presented. The
factors related to the sensor structures, namely: wavelength, dis-
tance between the light source and the detector, mode of work:
transmissive or reflective, are presented together with the light
interactions with tissue described by absorption and scattering
coefficients, the refractive index and the anisotropy factor.

1. Introduction

Photoplethysmography (PPG) is a noninvasive, optical method based on the interac-
tion of light with human cells reflecting local blood changes in a tissue. The range
of radiation used in PPG involves visible and near infrared wavelengths from 600 to
1000 nm (Kastle, 1997). An increased blood volume (blood vessel wall movement)
and the orientation of red blood cells determine the attenuation of light in the tissue.
This is reflected in PPG. In PPG light interacts with skin, fat, muscles, plasma, red
blood cells and other blood components e.g. white blood cells, proteins, platelets,
and leukocytes (Humphreys, 2007).

Changes in arterial blood volume influence the shape of the photoplethysmo-
graphic signal. During asystole arterial blood volume increases and as a result the
intensity of the detected signal decreases. During a diastole the situation is reversed.
These changes in light intensity are recorded and could carry information about the
condition of a patient (circulation system). There are many clinical applications of
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PPG. PPG used in physiological monitoring, especially for accurate estimation of
arterial blood oxygen saturation, detection of heart rate and blood pressure, cardiac
output measurement or respiration monitoring. It is also possible to assess blood per-
fusion, vascular condition, arterial diseases (e. g. atherosclerosis), arterial compliance
and ageing, microvascular blood flow and tissue viability using PPG (Allen, 2007).
Therefore, the PPG signal is a very useful diagnostic tool used to prevent diseases of
the cardiovascular system which are often dangerous to human life (Nilsson, 2000).
PPG is based on the interaction of the light source with human tissue. Depending on
the knowledge of the occurring and dominating phenomena it is possible to extract
more information from the signal, and in consequence, to increase the accuracy of the
measured (estimated) parameters. There is still need to develop noninvasive systems
characterized by increased reliability and accuracy for continuous monitoring of the
vascular conditions. This is because of the fact, that the low value of oxygen satu-
ration is dangerous for patients’ life. Available commercial pulse oximeters have an
error of about 4 %, which is too high for some clinical problems (Nitzan, 2014). Fur-
thermore, vascular system monitoring could help to reveal many diseases: pulmonary
emphysema, hypoxia in the heart and lungs, asthma, pneumonia and others.

2. Optical properties of materials

Light propagating through a medium interacts with it in different ways. It can be
partly absorbed, scattered or transmitted. It can pass through a medium as a ballistic
component or it can be split into different components (Fig. 1). Due to the scattering
phenomenon the incident light will lose its initial directionality. Some photons will
scatter less than others. Those that only scatter a few times and then propagate along
the direction of the ballistic photons are called ’snake’ components (Haahr, 2006).
Photons that scatter many times will diffuse. Light propagates in all directions. This
way diffuse transmittance and diffuse reflectance components are obtained.

Fig. 1. Interactions of incident light with a medium (Saarela, 2004).
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The four parameters which are the basic optical properties of materials and de-
scribe a simplified model of the interaction of light with a medium are:

• refractive index n,

• absorption coefficient µa,

• scattering coefficient µs,

• phase function g(θ) and anisotropy factor g.

The first three of these coefficients are described in detail in the following subsections.

2.1. Refractive index

The refractive index, n, determines the speed of light in the medium. Changes in
the refractive index of the medium give rise to scattering, refraction and reflection
phenomena. Refraction usually occurs when light is incident at the boundary between
two media with different indices of refraction.

Fig. 2. Refraction of light on the boundary separating two media described by different
refractive indices (n1 < n2) (Haahr, 2006).

Fig. 2 shows refraction of light on the boundary of two media. These media
are characterized by two different refractive indices, lower and greater. θ1 and θ2
are angles of incidence and the angle of refraction (to the normal of the interface),
respectively. ν1 and ν2 are values of the speed of light in the media, and are related
to the refractive index of each media.

In a real situation the boundary separating the two media could be mismatched,
resulting in reflection instead of refraction. Reflection divides into specular or diffuse
depending on the surface hit by the photons (as shown in Fig. 3).

Fig. 3. (a) Specular reflection (smooth surfaces); (b) Diffuse reflection (rough sur-
faces).
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If the refractive index of the outside medium is n1, and of the inside medium it
is n2, respectively, specular reflection is specified by the following equation (Wang,
1992):

Rsp =
(n1 − n2)

2

(n1 + n2)
2 (1)

where n1 and n2 are the same as in Fig. 2.
The value of the Rsp factor is less than one. It means that part of incident light

is transmitted into the medium. In the case of diffuse reflection the situation is even
more complicated.

2.2. Absorption coefficient

Light absorption refers to the loss of photonic energy during interaction with electrons,
atoms, and molecules. The energy lost by the photons is converted into either heat
or into light of longer wavelengths. Light absorption is described by an absorption
coefficient expressed in cm−1 or mm−1. This factor is wavelength dependent. It is
defined as a probability of photon absorption per unit path length, which the photon
passed through medium.

Fig. 4. Distribution of energy deposition.

Changes of absorption and scattering in the medium can be expressed by distri-
bution of energy deposition (Fig. 4). The presented distribution has been obtained
using Monte Carlo simulation technique (in cylindrical coordinates) where photons
are propagated through a medium for parameters µa = 0.1 [cm−1] and µs = 100
[cm](Cui, 1992). The most energy deposition is observed around point (0,0) where
the source of light was placed.

2.3. Scattering coefficient

Light scattering occurs in investigated medium, characterized by discontinuities of
the refractive index. This phenomenon depends on many variables including:

• the size of the scattering particle,

• the wavelength of the light,
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• the variation of the refractive indices of the various tissue components, such as
cell membranes or organelles.

There are two types of scattering, namely elastic (where energy of the scattered
photons is conserved, the direction of propagation is modified) and inelastic scattering
(energy changes – it is lost or increased) (Zee van der, 1992).

Elastic scattering can be further subdivided into Rayleigh scattering and Mie
scattering. Rayleigh scattering assumes that the scattering particles are smaller than
the wavelengths of the incident radiation and is highly dependent on the wavelength
(λ−4) (Plucinski, 2010). Mie scattering is valid for scattering particles comparable to
the wavelength of the incident light (Haahr, 2006). What follows from Mie theory is
that scattering shows a weaker dependence on wavelength ( ∼ λ−x with 0.4 ≤ x ≤ 0.5)
compared to Rayleigh scattering (∼ λ−4).

2.4. Lambert-Beer law

An elementary equation which describes propagation of light is Lambert-Beer law.
The transmitted light intensity Iout across a homogeneous and non-scattering medium
of thickness d, which is illuminated by a collimated beam of light of intensity Iin at
the wavelength λ is described by equation (Kastle, 1997):

Iout(λ) = Iin(λ) exp (−µad) (2)

µa – absorption coefficient for a wavelength, Iin – intensity of incident light, d –
thickness of medium.

Inverse coefficient 1/µa is the length of the path which the beam of light must
travel to decreasing e-fold of the incident intensity (Plucinski, 2010).

3. Tissue as a medium of light propagation

Tissue is in general an inhomogeneous medium with different and randomly dis-
tributed absorbers and scatters. In computer calculations it is represented by an
isotropic homogenous absorbing bulk material with randomly distributed scatters.
Such media are called turbid media.

The presence of blood is essential for the optical properties of the tissue. It
strongly influences the absorption of light in the tissue. The absorption spectrum of
tissue plays a significant role when choosing the wavelength for a given application.

The optical property of blood in the visible (between 400 and 700 nm) and near-
infrared (between 700 and 1000 nm) regions depends highly on the amount of O2

molecules carried by blood. It is different for two forms of hemoglobin: HbO2 and
rHb (oxy- and reduced hemoglobin). This is exploited in the measurements of changes
of oxygen saturation and blood properties in human tissue.

In the near-infrared region absorption of rHb is lower in comparison to HbO2. In
the red region inverse situation is observed. At the isobestic wavelength, where the
two curves cross over, absorption of light is independent of the oxygenation level.

4. Sensor design: transmission and reflectance modes

PPG operates by transmitting light through small extremities typically: fingers, ear
lobes, the bridge of the nose and less commonly the toes because it works in a trans-
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missive mode. Such locations are easily accessible but in cases of trauma, surgery,
shock, and hypothermia, circulation to the peripheries is immediately reduced, mak-
ing the PPG signal difficult or even impossible to be measured.

4.1. Transmission mode

In this configuration the source and the detector of light are placed directly on the
opposite sides of the medium. Measuring the PPG signal is possible because the
clip embraces the measured medium (Nijboer, 1981). If the force exerted by the
transmission probe is significant, the blood underneath the probe may clot, and if the
force is insufficient motion artefacts may increase.

The advantage of transmittance probes is that they are reusable indefinitely. The
propagation path length of light and the equations describing the interaction of light
with the tissue are also known in this mode. As such, transmittance probes are best
suited to short-term monitoring, typically for less than four hours.

4.2. Reflectance mode

In this concept the source of light and the detector are placed on the same side of
the surface. The idea of the reflectance (backscatter) mode of PPG is a significant
extension in non-invasive measurements, as it enables collecting PPG signals from
almost any part of the body surface (Pujary, 2004).

The reflection sensor, in contrast to the transmissive one, can be located centrally
on the body. This can be of clinical advantage in situations where severe periph-
eral vasoconstriction and both desaturation and resaturation are detected earlier by
centrally placed sensors. Using a single reflection PPG sensor is possible to evaluate
respiratory rate and heart rate.

There are a few disadvantages of the reflectance mode, e.g. artifacts from probe-
tissue movements and the problem of maintaining constant light intensity. The un-
known optical path length from the source of radiation to the detector is also an
issue to resolve. It makes direct utilization of Lambert-Beer law impossible. It is
also unclear where the light collected by detector comes from, because backscattered
radiation does not always derive from the vessel lying under the sensor.

5. Construction requirements of the reflection sensor

The reflective optical sensor brings benefits that cannot be overestimated. However,
designing this type of sensors poses many problems. The main problems are associated
with: depth of penetration, varying blood circulation in skin and different fat layer
thicknesses.

The depth of penetration depends on the optical properties of the tissue, its geom-
etry (e.g. source-detector distance d) and the wavelength of the light source. Because
tissue is a strongly scattering medium, so this feature varies for different wavelengths
of the light source. Between about 300 and 1000 nm strong scattering is dominant
(Gemert van, 1989). Fig. 5 shows depths of penetration for a few different sources of
radiation from the visible and the near-infrared range. If the wavelength of the source
is longer than light, it penetrates the medium deeper.
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Fig. 5. Penetration depth in non-colored
tissue for common wavelengths
(visible range and infrared) (Welch,
1995).

If the source-detector distance in a
reflective sensor increases, the penetra-
tion depth of radiation also increases. A
greater penetration depth and a longer
optical path result in a larger vascu-
lar bed illumination. It leads to an in-
creased likelihood of detecting a suitable
PPG. However, for a given incident light
intensity, as the source and detector sep-
aration increases the detected light in-
tensity decreases. Another issue is asso-
ciated with area of the light detector. If
a larger detector is used, light of smaller
intensity is detected. However, if the de-
tector’s area is large, then only a part
of the detected light derives from the
underlying vessels. Longer wavelengths
penetrate deeper because of low absorp-
tion and low scattering coefficients (Nils-
son, 2000).

One of the problems to solve is the
unknown path length which the beam of
light travels through a medium. The solution found by researchers from Jerusalem
University of Technology is to use measurements on similar wavelengths (Gemert van,
1989). In the case where one gets two similar wavelengths, even with unknown path
lengths, the ratio l1/l2 (following the equation presented below) will be reduced to
one, and in effect pulse oximeter calibration will not be necessary (Nitzan, 2014).

SpO2 =
εd1 −R (l2/l1) εd2

R (l2/l1) (ε02 − εd2) + (εd1 − ε01)
(3)

εd1, εd2 − extinction coefficient for reduced hemoglobin, εd1, εd2 − extinction coeffi-
cient for oxygenated hemoglobin, R(l2/l1) − ratio for two wavelengths: l1 and l2.

When the conditions of measurement are changed, it is possible to gain more
information. For example, occlusion spectroscopy, where the effect of occlusion in-
creases signal to noise ratio (Amir, 2007). Consequently, only absorption and forward
scattering are measured.

6. Results and discussion
To investigate the geometry of the sensor and its impact on the measured signal
Monte Carlo simulations (MC) were performed with the use of source code available
on http://omlc.org/software/mc/ modified according to (Wang, 1992).

Results of MC simulations were performed in cylindrical coordinates. To simplify
the calculations, a single-layer semi-infinitive model was used, in which the only vari-
able parameter is the distance. Simulations were calculated for 1 000 000 photons
and parameters: nambient = 1.0, nlayer = 1.53, µa = 1 [1/cm], µs = 80 [1/cm] and
g = 0.8.

http://omlc.org/software/mc/
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(a) (b)

Fig. 6. Results of Monte Carlo simulation for different distances between the source
and the detector: (a) distance = 5 mm; (b) distance = 15 mm.

Results of MC simulations show the varying distance between the source, located
in point (0,0) and an array with observed energy deposition (Fig. 6). This level of
energy is translated into the amplitude of the PPG signal. For depth of 0.16 cm where
the deep vascular plexus is located (Zakharov, 2009) for the first, distance is about
2.6 [a.u.], for the second, distance is about 2.3 [a.u.]. For depth 0.1 cm the difference
is even greater.

This exemplifies the importance of the relation between the geometry of the sen-
sor and the measured structure. This effect can be reduced using appropriate data
processing techniques, in situations where the PPG signal is measured using different
wavelengths of light. It seems that it is justified to use wavelengths of light source for
which the scattering phenomenon is dominant. It is because the back-scattered signal
is stronger than other signals. The strongest scattering effect in blood is achieved for
light wavelength of 454 nm (Bosschaart, 2014). However, the depth of penetration for
this wave in non-colored tissue equals about 250 µm (Fig. 5). If the sensor is located
e.g. on a wrist or ankle where the layer of fat is thinner than in other places on the
body even this wavelength will be insufficient.

The wavelength cannot be too short or too long when comparing to the optical
water window. Water is the main component of tissues which absorbs light very
strongly in the ultraviolet and the longer infrared wavelengths. Shorter wavelengths
of light are also strongly absorbed by melanin. There is, however, a window in the
absorption spectra of water that allows visible (red) and near infrared light to pass
more easily, thereby facilitating the measurement of blood flow or volume at these
wavelengths.

7. Conclusions
Continuous and non-invasive PPG measurements are necessary. For this application
reflectance mode is a better solution than transmission mode. Reflectance mode is less
restrictive than transmission mode on the body locations available for study, enabling
measurements from any part of the body surface. Therefore, studies on utilization of
this technique are still conducted.

Both absorption and scattering, which dominate in the skin tissue, strongly depend
on light wavelength. So, the choice of an adequate light source is crucial during the
development of a reflective PPG sensor. Additionally, using several light sources at
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the same time may improve the properties of the sensor. However, constructing such
a sensor is more complicated.

Current works on developing a PPG sensor are focused on performing simulations
using Monte Carlo methods in order to investigate the depth of light penetration
and the power of ’reflected’ light for different and real biological tissues. Further
work will be related to determining the geometry of the sensor and the selection of
light-sensitive components.
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