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(57) ABSTRACT

The invention relates to a photoplethysmography apparatus
(100), comprising a source of light (110) configured to
provide source light (130) of at least a first and a second
spectral position directed at a tissue (140); alight detector
(120) configured to detect scattered source light, and to
provide at least a first and a second sensor signal (127, 29)
indicative of the scattered source light of the first and second
spectral position; and a processing unit (150). The process-
ing unit is configured to calculate a corrected sensor signal
(160), indicative of a variation in blood absorbance within
the tissue, by removing a tissue-path error signal component,
indicative of a variation in optical path length through the
tissue over time, and a light-coupling error signal compo-
nent, indicative of a variation of source light intensity of the
source light emitted at the tissue, from the at least first and
second sensor signals.
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PHOTOPLETHYSMOGRAPHY APPARATUS

FIELD OF THE INVENTION

[0001] The invention relates to a photoplethysmography
apparatus, to a method for operating a photoplethysmogra-
phy apparatus and to a computer program for operating a
photoplethysmography apparatus.

BACKGROUND OF THE INVENTION

[0002] A photoplethysmography (PPG) apparatus mea-
sures changes in the volume of an external object in an
optical way. In medical applications, these changes in vol-
ume are usually changes of the amount of blood within a
tissue of a subject and can therefore be used to monitor
vital-sign information of the subject.

[0003] In conventional PPG applications, in addition to a
desired signal contribution from light transmitted through or
reflected by the blood, a far greater portion of a detected
signal originates from tissue or blood sloshing, i.e. venous
blood movement. Low venous pressure blood “sloshes” with
back and forth movement which is seen when an individual
is physically active. This local perturbation of venous blood
adds to the AC (alternating current) component of the
detector signal.

[0004] In WO 99/32030 a method for removing motion
artifact in PPG applications is described comprising the
steps of emitting source light at a tissue using at least first
and second wavelengths, receiving the source light at the
different wavelengths after it has been transmitted through
or reflected within the tissue, providing at least first and
second signals which are a logarithmic measure of the
received first and second emitted wavelengths and subtract-
ing the second signal from the first signal, removing a DC
component of the result of the subtraction and providing an
AC component to digital sampling means, and processing
the digital samples in order to provide a desired value
representing a property of the tissue.

[0005] WO 2009/109185 is concerned with eliminating
influences of “shunt light” which is described as sensor light
received after either passing through tissue only, without
passing through pulsating blood, or received after not pass-
ing tissue at all. Information about interferences is extracted
from the measured values and/or taken into account. The
metrological determination takes place with the use of
electromagnetic waves, which are emitted by at least one
emitter having at least two different wavelengths. The elec-
tromagnetic waves are conducted through tissue through
which blood flows and subsequently detected as measured
values. Signal processing is carried out based on measure-
ments during at least two different times of measuring.

SUMMARY OF THE INVENTION

[0006] According to a first aspect of the invention, a
photoplethysmography apparatus, hereinafter PPG appara-
tus, is provided. The apparatus comprises

[0007] atleast one source of light arranged and configured
to provide source light of at least a first and a second spectral
position to be directed at a tissue;

[0008] at least one light detector arranged and configured
to detect scattered source light, which has been scattered by
the tissue, and to provide at least a first sensor signal
indicative of the scattered source light of the first spectral
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position and a second sensor signal indicative of the scat-
tered source light of the second spectral position; and
[0009] a processing unit, which is configured to
[0010] receive the at least first and second sensor signal
of a given time of measuring and
[0011] calculate a corrected sensor signal of the given
time of measuring, the corrected sensor signal over
time being indicative of a variation in blood absorbance
within the tissue,
[0012] by using the at least first and second sensor
signals of only the given time of measuring,
[0013] by removing a tissue-path error signal com-
ponent, which over time is indicative of a variation
in optical path length through the tissue, and a
light-coupling error signal component, which over
time is indicative of a variation of a coupling
between the source light emitted at the tissue and the
tissue, from the at least first and second sensor
signals of the given time of measuring, and
[0014] determine and provide a corrected AC signal
component of the corrected sensor signal of the given
time of measuring.
[0015] The PPG apparatus according to the first aspect of
the invention provides a user with a precise corrected AC
signal component of a dynamic blood absorbance variation
through pulsating blood. Usual error signal components of
the respective sensor signal, i.e., the tissue-path error signal
component and the light-coupling error signal component,
are removed. The tissue-path error signal component is
caused by (and thus indicative of) a variation in optical path
length through the tissue with time. In this context, it does
not matter whether the light has travelled through pulsating
blood or not. The light-coupling error signal component is
caused by (and thus indicative of) a variation of a coupling
between source light emitted at the tissue and the tissue, due
to relative motion of the PPG apparatus and the tissue, such
as reshaping of tissue due to motion or muscle contraction.
For instance, when a sensor detaches from the skin extra
Fresnel losses occur at interfaces, thereby reducing the
amount of light injected into the skin and reducing the
amount of backscattered light received.
[0016] Thus, the provided corrected AC signal component
is not disturbed by error signal components caused by
variations in source light coupling and/or ambient light
intensity due to motion or muscle contraction of the tissue or
the subject, respectively. Furthermore, the corrected AC
signal component is not disturbed by the tissue-path error
signal components caused by transmitted and/or back-scat-
tered light originating from the skin of the tissue or from a
tissue portion that surrounds the blood. Thus, the PPG
apparatus provides the user with an improved signal, which
is less disturbed.
[0017] The corrected AC signal component of the cor-
rected sensor signal comprises information on a change of
detected scattered source light as a function of time. In view
of the two removed error signal components, this change is
mainly caused by a change of the blood absorbance within
the investigated tissue. The blood absorbance variation is
caused by an optical path length variation of the source light
through the blood, which can be indicative of respiratory
rate, pulse rate, blood pressure or other vital-sign informa-
tion of a subject comprising the tissue. Therefore the PPG
apparatus according to the first aspect of the invention can
improve a result of a vital-sign measurement.
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[0018] Since all components of the PPG apparatus can be
provided with small extension, the PPG apparatus itself can
also have a small size, which can lead to a high mobility of
the PPG apparatus. Since a high mobility can lead to a high
level of signal error components due to motion, it is advan-
tageous in particular that the light-coupling error signal
component is removed by the processing unit of the PPG
apparatus.

[0019] It is noted for clarification that tissue at which the
source light is to be directed does not form a part of the
claimed PPG apparatus. The tissue forms an object which is
to be investigated by the PPG apparatus and thus can be
changed arbitrarily. Non-limiting examples of tissue to be
investigated are living animals, human beings, or parts
thereof.

[0020] It is understood that the first and second spectral
positions are different from each other. Any further spectral
positions of the source light mentioned herein below are also
different from the first and second spectral positions and
from each other.

[0021] In the following, embodiments of the PPG appa-
ratus according to the first aspect of the invention will be
described.

[0022] In a preferred embodiment of the PPG apparatus,
the processing unit is configured to determine the corrected
sensor signal by

[0023] determining, as a function of time, a transmission
measure for each spectral position from the at least first and
second sensor signal and from a source light intensity
measure;

[0024] calculating the corrected sensor signal as a function
of time in dependence on a logarithm of the transmission
measure for each spectral position, a prestored blood attenu-
ation parameter for each spectral position, a prestored effec-
tive tissue attenuation parameter for each spectral position,
the tissue-path error signal component and the light-cou-
pling error signal component, using the Beer-Lambert law.
[0025] In this preferred embodiment, the corrected sensor
signal can be determined quickly by the processing unit. A
quick processing of the processing unit enables the PPG
apparatus to define small time-steps for a subsequent mea-
suring and calculation of the corrected sensor signal over
time. Thus, the PPG apparatus in this preferred embodiment
can provide the corrected AC signal quickly.

[0026] It is noted that the Beer-Lambert law provides a
quantitative estimation of an attenuation of light in homo-
geneous media. It relates the attenuation of light to the
absorption parameter of homogeneous non-scattering media
through which the source light of a single wavelength
propagates. The present embodiment is based on the recog-
nition that the Beer-Lambert law also gives a reasonable
approximate description of the transmission process through
tissue. According to the Beer-Lambert law, the attenuation of
light is the intensity I(t,A) of the detected scattered source
light divided by the intensity c(t)l, of the source light
emitted by the PPG apparatus and received by the tissue. The
time-dependent factor c(t) describes the light-coupling error,
which is indicative of a variation of source light intensity of
the source light. The source light intensity measure I,
describes the intensity of the source light emitted at the
tissue. Since the tissue as investigated medium comprises a
blood portion and a tissue portion surrounding blood ves-
sels, the absorption parameter of the media is separated into
the blood attenuation parameter pz(A) and into the effective
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tissue attenuation parameter p(A). This leads according to
the Beer-Lambert law to the relation

Ty = Y _ o, (DB Oz @)

Iy

[0027] where T(t,%) is the transmission measure for each
spectral position A, z,(t) is an effective optical tissue path
length of the detected scattered source light and z4(t) is a
time-dependent optical path length through the blood and
thus the wanted corrected sensor signal, which is indicative
of a variation in blood absorbance over time.

[0028] In a variant of this preferred embodiment, the
processing unit uses an algebraic solution of the corrected
sensor signal which can be derived from following form of
the Beer-Lambert law:

In(T(e,M)=In(c( )= (a(Mzp(@+ur(Mz ). t)

[0029] Equation (1) forms an analytic relation between the
transmission measure, measured by the PPG apparatus, the
corrected sensor signal to be calculated by the processing
unit, and the tissue-path error signal component and the
light-coupling error signal component to be removed by the
processing unit.

[0030] In a further variant of this preferred embodiment,
the corrected sensor signal is determined by calculating an
algebraic solution of the corrected sensor signal for prede-
termined time-steps as an algebraic solution of a system of
linear equations, which describe a logarithm of the trans-
mission measure for each spectral position in dependence on
the prestored blood attenuation parameter, the prestored
effective tissue attenuation parameter, the corrected sensor
signal, the tissue path error signal component and the
light-coupling error signal component according to the Beet-
Lambert law. In this variant, the corrected sensor signal can
be determined directly and therefore quickly since the
processing unit only needs to solve an algebraic expression
for any given one of the predetermined time-steps. Further-
more, it is advantageous that the tissue-path error signal
component and the light-coupling error signal component do
not have to be calculated for providing the corrected sensor
signal. The present embodiment avoids frequency domain
filtering and thus allows the use of particularly simple
hardware for providing a corrected sensor signal. A further
advantage is that the absolute values of the effective attenu-
ation parameters need not be known. Only relative values
need to be known. Since these values follow from the
molecular extinction coefficients, their relative values are
fixed. A deviation from the actual absolute values will only
result in a scaling error in the computed parameters. This is
not a problem since the primary interest for application
purposes is in the variation of the blood absorbance zg(t).
[0031] In another embodiment of the PPG apparatus, the
processing unit is configured to calculate the corrected
sensor signal by using the derivative of the logarithm of a
transmission measure of the respective spectral position with
respect to the spectral position.

[0032] In a further embodiment of the PPG apparatus
according to the first aspect of the invention, the processing
unit is further configured to determine the corrected sensor
signal by

[0033] determining a derivative of the prestored blood
attenuation parameter with respect to the spectral position;
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[0034] determining a derivative of the prestored effective
tissue attenuation parameter with respect to the spectral
position;

[0035] calculating the corrected sensor signal as a normal-
ized difference of weighted derivatives of the logarithm of
the transmission measures of the respective spectral posi-
tion, weighted by the derivative of the prestored effective
tissue attenuation parameter of the respective other spectral
position, wherein the respective derivatives are calculated
with respect to the spectral position.

[0036] In a variant of this embodiment, the corrected
sensor signal is calculated at subsequent times of measuring
t,, according to the formula

. _TNa-Ta (2
z8(t=1,) = T b
[0037] In this formula and in all following embodiments,

T, means In(T(t=t,,,\,)), i.e. the logarithm of the transmis-
sion measure at a time of measuring for the respective source
light of the spectral position A, (withn=1, 2, . .. ), b, means
uz(h,), 1e., the blood attenuation parameter for the respec-
tive source light of the spectral position A, a, means - (A,),
1.e. the effective tissue attenuation parameter for the respec-
tive source light of the spectral position A,, and all deriva-
tives are taken with respect to the spectral position.

[0038] In an example of this variant, the derivatives of the
logarithm of the transmission measures, of the blood attenu-
ation parameter and of the effective tissue attenuation
parameter are calculated by a respective difference quotient,
ie. T,'=(T,-T,)/(h,-h,). In a further example of this vari-
ant, the derivatives of the blood attenuation parameter and of
the effective tissue attenuation parameter are calculated by
using a heuristic or analytic formula for the parameter and
calculating a solution of a corresponding derivative of the
heuristic or analytic formula.

[0039] The formula for calculating the corrected sensor
signal in this variant can be derived from the Beer-Lambert
law by using the derivative of Eq. (1) with respect to A:

9
ﬁlmiT(r, ) = —upMzp(® — pr Dz (0),

[0040] and solving the system of linear equations resulting
from Eq. (3) for each of the first and second spectral position
of the source light.

[0041] In a further embodiment of the PPG apparatus, the
at least one source of light is further configured to provide
source light of a third spectral position to be directed at the
tissue; the at least one light detector is further configured to
provide at least a third sensor signal indicative of scattered
source light of the third spectral position; and the processing
unit is further configured to receive the third sensor signal
and to calculate and provide the corrected sensor signal by
using the first, second and third sensor signals.

[0042] In a related embodiment, the processing unit is
further configured to determine the corrected sensor signal
by calculating a normalized sum of weighted logarithms of
the transmission measures of the respective spectral posi-
tions, weighted by a respective weighting factor depending
on differences of respective pairs of the prestored effective
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tissue attenuation parameters. In a variant of this embodi-
ment, the corrected sensor signal is calculated at subsequent
times of measuring t,, according to the formula

Ti(az —a3) + Talas — ar) + Ts(ar — @) “
bilas — az) + balay —a3) + bslaz —ar)”

gt =1p) =

[0043] In this formula, the characteristics of the measure-
ment are denoted as described above in the course of Eq. (2).
This formula can be derived in view of Eq. (1), by solving
the linear system of three equations, each of them based on
Eq. (1) for the respective spectral position.

[0044] In an embodiment of the PPG apparatus, the pro-
cessing unit is further configured to provide a corrected DC
(direct current) signal component of the corrected sensor
signal. The DC signal component can be described as a
constant or low-frequency signal value (e.g., breathing fre-
quency) around which the corrected sensor signal varies at
high frequency (e.g., blood pulse frequency) in accordance
with the AC signal component. In this embodiment, the PPG
apparatus can also be used to determine a concentration of
a certain substance within the blood, if absorption charac-
teristics of the certain substance are known. For instance, in
some such embodiments the DC signal component is made
indicative of a deoxyhemoglobin concentration or with an
oxyhemoglobin concentration of blood within the tissue by
using suitable first and second spectral positions.

[0045] In one embodiment of the PPG apparatus, which is
based on further processing a DC or an AC signal compo-
nent, the processing unit is further configured to use absorp-
tion parameters of oxyhemoglobin and of deoxyhemoglobin,
which are prestored as a function of spectral position,
respectively, and to determine and provide an peripheral
capillary oxygen saturation of blood within the tissue by
calculating a first part of the corrected sensor signal using
the prestored absorption parameters of oxyhemoglobin and
deoxyhemoglobin, and by calculating a second part of the
corrected sensor signal using the prestored absorption
parameters of oxyhemoglobin and deoxyhemoglobin,
wherein the first part of the corrected sensor signal is
indicative of a blood absorbance due to oxyhemoglobin and
the second part of the corrected sensor signal is indicative of
a blood absorbance due to deoxyhemoglobin. In this
embodiment, the calculation of the processing unit is more
precise, since the blood is not assumed to be homogenous,
as in the calculation of the previous embodiments. The
absorption of the source light in the blood portion of the
tissue is separated into an absorption component according
to a absorption by oxyhemoglobin described by the absorp-
tion parameter of oxyhemoglobin and into an absorption
component according to an absorption by deoxyhemoglobin
described by the absorption parameter of deoxyhemoglobin.
The peripheral capillary oxygen saturation of the investi-
gated blood is usually denoted as SpO2. Since SpO2 is a
ratio of concentrations of oxyhemoglobin and total hemo-
globin in blood, SpO2 is determined by the calculated
path-length of the source light through the deoxyhemoglobin
Zp(t) and the calculated path-length of the source light
through the oxyhemoglobin (1), by using SpO2=z,,,/
(Zrpo,+2)- Since SpO2 is a ratio, the time variation of the
corrected sensor signal does not change the calculated result
of 8p02, if z,(t) and 7., (1), i.e., the first part of the
corrected sensor signal and the second part of the corrected
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sensor signal, comprise similar variation characteristics. The
calculated provided peripheral capillary oxygen saturation
of the investigated blood is indicative of the oxygen satu-
ration of the blood. The PPG apparatus according to this
embodiment of the first aspect of the invention provides the
particular advantage that using multiple spectral positions
enables on the one hand a calculation of the blood saturation
according to different absorption characteristics of deoxy-
hemoglobin and oxyhemoglobin, and on the other hand a
removal of the tissue-path error signal component and of the
light-coupling error signal component.

[0046] In a variant of this embodiment, the processing unit
determines and provides a DC component of the first and
second part of the corrected sensor signal. Thus, in this
variant are time variations of the corrected sensor signal
removed by using the DC component of the first and second
part of the corrected sensor signal, which leads to a more
precise peripheral capillary oxygen saturation provided by
the PPG apparatus.

[0047] In an embodiment of the PPG apparatus, the pro-
cessing unit is further configured to determine the corrected
sensor signal by

[0048] determining derivatives of the prestored absorption
parameters of oxyhemoglobin and of deoxyhemoglobin with
respect to the spectral position;

[0049] determining a derivative of the prestored effective
tissue attenuation parameter with respect to the spectral
position;

[0050] calculating the first and second part of the corrected
sensor signal as a normalized sum of weighted derivatives of
the logarithm of the transmission measures of the respective
spectral position, weighted by a respective weighting factor
depending on a linear combination of respective pairs of the
derivatives of the prestored absorption parameters of oxy-
hemoglobin and of deoxyhemoglobin and the derivatives of
the prestored effective tissue attenuation parameters,
wherein the respective derivatives are calculated with
respect to the spectral position.

[0051] In a variant of this embodiment, the first and
second parts of the corrected signal are calculated at sub-
sequent times of measuring according to an algebraic for-
mula. In this variant, the processing unit calculates an
algebraic solution of a system of linear equations. The linear
equations correspond to Eq. (3) but with separated absorp-
tion parameters for oxyhemoglobin and deoxyhemoglobin
instead of a lumped blood attenuation parameter pg(A) as in
Eq. (3). In a variant of this embodiment, the respective
weighting factor of the first part of the sensor signal depends
on a linear combination of respective pairs of the derivatives
of the prestored absorption parameters of deoxyhemoglobin
and the derivatives of the prestored effective tissue attenu-
ation parameters, and the weighting factor of the second part
of the sensor signal depends on a linear combination of
respective pairs of the derivatives of the prestored absorp-
tion parameters of oxyhemoglobin and the derivatives of the
prestored effective tissue attenuation parameters.

[0052] In a further embodiment of the PPG apparatus
according to the first aspect of the invention, the at least one
source of light is further configured to provide source light
of a fourth spectral position to be directed at the tissue; the
at least one light detector is further configured to provide at
least a fourth sensor signal indicative of scattered source
light of the fourth spectral position; and the processing unit
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is further configured to receive the fourth sensor signal and
to calculate and provide the first and the second part of the
corrected sensor signal by

[0053] wusing the first, second, third and fourth sensor
signals and the source light intensity measure to determine
the transmission measure for each spectral position,

[0054] using a prestored effective tissue attenuation
parameter depending on an absorption of source light by the
tissue for each of the spectral positions, and

[0055] calculating a normalized linear combination of
weighted logarithms of the transmission measures of the
respective spectral positions, weighted by a respective
weighting factor depending on the prestored absorption
parameters of oxyhemoglobin and of deoxyhemoglobin and
the prestored effective tissue attenuation parameter.

[0056] In a variant of this embodiment, the corrected
sensor signal is calculated according to an algebraic formula
at subsequent times of measuring. In this variant, the pro-
cessing unit calculates an algebraic solution of a system of
linear equations. The linear equations correspond to Eq. (1)
but with separated absorption parameters for oxyhemoglo-
bin and deoxyhemoglobin instead of a lumped blood attenu-
ation parameter [Lz(A) as in Eq. (1).

[0057] In a further embodiment according to the first
aspect of the invention, the PPG apparatus comprises a
memory unit arranged and configured to receive, store and
provide blood attenuation parameters or effective tissue
attenuation parameters or absorption parameters of oxyhe-
moglobin and deoxyhemoglobin or the corrected AC signal
component of the corrected sensor signal or the tissue-path
error signal component or the light-coupling error signal
component or the first part of the corrected sensor signal or
the second part of the corrected sensor signal or the periph-
eral capillary oxygen saturation of the blood within the
tissue. In this embodiment, no external devices are needed to
provide prestored parameters. In a variant, the memory unit
is a hard drive that is electrically and functionally coupled to
the processing unit. The word “or” means in this embodi-
ment that also a combination thereof is possible. In a variant,
the memory unit is arranged and configured to receive, store
and provide all data given in the description of the embodi-
ment.

[0058] Inanembodiment, the PPG apparatus further com-
prises a user interface arranged and configured to receive
and provide a user input indicative of blood attenuation
parameters or absorption parameters of oxyhemoglobin and
deoxyhemoglobin or effective tissue attenuation parameters
or a measurement of the PPG apparatus to be displayed. In
avariant of this embodiment, the user interface is a keyboard
or a touchpad or a notebook. In a further variant of this
embodiment, the user interface is electrically and function-
ally coupled to the memory unit.

[0059] Inanembodiment, the PPG apparatus further com-
prises a display device arranged and configured to receive
and display the corrected AC signal component of the
corrected sensor signal or the tissue-path error or the light-
coupling error or the first part of the corrected sensor signal
or the second part of the corrected sensor signal or the
peripheral capillary oxygen saturation of the blood within
the tissue. In variant of this embodiment, the display device
is a computer monitor. In a further variant, the display device
comprises a LED arrangement. In another variant, the dis-
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play device comprises a liquid-crystal element. In a further
variant, the display device is further configured to display
the user input.

[0060] A further embodiment of the PPG apparatus com-
prises an encasement arranged to encase at least the at least
one source of light, the processing unit and the at least one
light detector, thus providing a carrying device for the PPG
apparatus. In variants of this embodiment, the carrying
device is a grasp, or a wristband, or a watchstrap or a clip.
In a variant of this embodiment, the at least one source of
light or the at least one light detector are protected against
influences of the tissue or the environment by a transparent
protection plate forming a part of the encasement.

[0061] In one embodiment of the PPG apparatus, the at
least one source of light is a light emitting diode (LED). In
a variant of this embodiment, the source light emitted by the
LED is collimated, for example by a lens. In another
embodiment, the at least one source of light is a laser source,
in particular a laser diode.

[0062] Typically, the source light of the LED or of the
laser source has a characteristic spectral position used for the
calculation of the corrected sensor signal. In one variant of
the PPG apparatus, the source of light comprises multiple
LEDs or multiple laser sources with multiple characteristic
spectral positions, differing from each other.

[0063] In a further embodiment, the at least one source of
light is further configured to provide the processing unit with
an activity information, which is indicative of a state of the
at least one source of light, wherein the state of the at least
one source of light includes an information whether the at
least one source of light provides source light or not. In a
variant, the activity information is further indicative of the
spectral positions of the source light emitted by the at least
one source of light.

[0064] In an embodiment, the at least one source of light
is one source of light comprising a tunable filter and thus
providing source light of the at least first and second spectral
position. Such tunable filter can lead to a smaller PPG
apparatus. Furthermore, since the at least one source of light
can be sensitive against pressure, the use of a single tunable
filter instead of multiple sources of light can make the PPG
apparatus more robust. In a variant, the one source of light
switches the spectral position of the emitted source light
over time and in another variant, the one source of light
emits a multiplexed source light comprising portions of the
at least first and second spectra position. In a further variant
of this embodiment, the activity information comprises the
spectral positions of the source light emitted by the at least
one source of light. In another embodiment, every source
light of a certain spectral position is emitted by a separate
source of light.

[0065] The at least one light detector is typically a pho-
todiode, but can also be any other light-sensitive detector
device, including a CCD sensor, or a video camera.

[0066] In some embodiments, scattered source light of
certain spectral positions is detected by respective separate
light detectors. In an alternative embodiment, a single broad-
band light detector and a tunable filter is used, thus allowing
a detection of scattered source light having the at least first
and second spectral positions. Using such a tunable filter
allows fabricating a particularly small PPG apparatus. Fur-
thermore, since light detectors can be somewhat sensitive
against application pressure, the use of a single detector with
a tunable filter instead of multiple light detectors can make
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the PPG apparatus more robust. In one variant, the single
light detector is switched through the different spectral
positions of detected scattered source light over time. In
another variant, the one light detector detects all portions of
scattered source light of the at least first and second spectral
positions simultaneously.

[0067] The spectral position of the source light can be
expressed in terms of a wavelength of the source light, or in
terms of an energy amount of the source light. Appropriate
adaptation of the calculations to be performed is a matter of
course.

[0068] In one embodiment of the PPG apparatus, the
processing unit is further configured to amplify the at least
first and second sensor signal or the corrected sensor signal.
This can improve or simplify a later analysis of the AC
component of the corrected sensor signal.

[0069] In an embodiment of the PPG apparatus, the source
light intensity measure is prestored, for instance in the
memory unit.

[0070] The prestored blood attenuation parameter or the
prestored effective tissue attenuation parameter or the
absorption parameters of oxyhemoglobin and deoxyhemo-
globin might be unknown to the user or the manufacturer of
the PPG apparatus. In an embodiment of the PPG apparatus,
relative values of these parameters are prestored by the PPG
apparatus, and during the calculation of the corrected sensor
signal a common factor to obtain a calculation result within
a typical range of blood attenuation characteristics is deter-
mined by the processing unit and used to calculate the
corrected sensor signal. In a variant, the common factor is
iteratively determined by the processing unit. In a further
variant of this embodiment, the common factor can be
changed by a user input received by the user interface.

[0071] In a further embodiment of the PPG apparatus, the
at least one light detector and the at least one source of light
are arranged on the same side with respect to a position
provided for the tissue to be investigated by PPG. Thus, in
this embodiment the scattered source light 1s mainly back-
scattered by the tissue.

[0072] In an alternative embodiment, a position for the
tissue has been arranged between the at least one source of
light and the at least one light detector. Thus, in this
embodiment the scattered source light is mainly scattered
forwards by the tissue, resulting in a transmittance through
the tissue. In a further embodiment, the PPG apparatus is
arranged and configured to provide a variable position
between the at least one light detector and the at least one
source of light. In a variant of this embodiment, the PPG
apparatus can be arranged to provide the at least one light
detector and the at least one source of light on one side of
the tissue or on different sides of the tissue depending on a
processing-mode of the PPG apparatus. In this variant, the at
least one light detector can be adjusted to detect either
mainly backscattered or mainly forwardly scattered source
light. In a related further variant of this embodiment, the user
interface is further configured to receive and provide a user
input indicative of whether the tissue has been arranged
between the at least one source of light and the at least one
light detector or the at least one source of light and the at
least one light detector have been arranged on one side of the
tissue. In a further variant, the user interface is configured to
receive and provide the processing-mode of the PPG appa-
ratus.
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[0073] According to a second aspect of the invention, the
invention relates to a method for operating a PPG apparatus,
the method comprising

[0074] emitting source light of at least a first and a second
spectral position directed at a tissue;

[0075] receiving scattered source light, which has been
scattered by the tissue, and providing at least a first sensor
signal indicative of the scattered source light of the first
spectral position and a second sensor signal indicative of the
scattered source light of the second spectral position;

[0076] calculating a corrected sensor signal of a given
time of measuring, the corrected sensor signal over time
being indicative of a variation in blood absorbance within
the tissue, by using the at least first and second sensor signals
of only the given time of measuring, and by removing a
tissue-path error signal component, which over time is
indicative of a variation in optical path length through the
tissue, and a light-coupling error component, which over
time is indicative of a variation of a coupling between the
source light emitted at the tissue and the tissue, from the at
least first and second sensor signals of the given time of
measuring; and

[0077] determining and providing a corrected AC signal
component of the corrected sensor signal of the given time
of measuring.

[0078] The method of the second aspect of the invention
shares the advantages described in the context of the PPG
apparatus of the first aspect.

[0079] Inapreferred embodiment of the method according
to the second aspect of the invention, the method further
comprises the steps of

[0080] determining a transmission measure for each spec-
tral position from the first and second sensor signal and from
a source light intensity measure;

[0081] calculating the corrected sensor signal as a function
of time in dependence on a logarithm of the transmission
measure for each spectral position, a prestored blood attenu-
ation parameter for each spectral position or a prestored
absorption parameters of oxyhemoglobin and of deoxyhe-
moglobin for each spectral position, a prestored effective
tissue attenuation parameter for each spectral position, the
corrected sensor signal, the tissue-path error signal compo-
nent and the light-coupling error signal component, using
the Beer-Lambert law.

[0082] In a variant of this embodiment, the calculating of
the corrected sensor signal further comprises a numerical
solving of a system of at least two linear equations by using
the at least two transmission measures.

[0083] In an embodiment of the method according to the
second aspect of the invention, the method further comprises
the determining of the corrected sensor signal or of a first
part of the corrected sensor signal, which is indicative of a
blood absorbance due to oxyhemoglobin, and of a second
part of the corrected sensor signal, which is indicative of a
blood absorbance due to deoxyhemoglobin, by calculating a
normalized linear combination of weighted logarithms of the
transmission measures of the respective spectral position,
weighted by a respective weighting factor depending on the
prestored effective tissue attenuation parameter and on the
prestored blood attenuation parameters or the prestored
absorption parameters of oxyhemoglobin and of deoxyhe-
moglobin.
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[0084] 1In a further embodiment of the method according
to the second aspect of the invention, the method further
comprises the steps of

[0085] determining a derivative of the prestored blood
attenuation parameter with respect to the spectral position or
derivatives of the prestored absorption parameters of oxy-
hemoglobin and of deoxyhemoglobin with respect to the
spectral position;

[0086] determining a derivative of the prestored effective
tissue attenuation parameter with respect to the spectral
position;

[0087] calculating the corrected sensor signal as a normal-
ized linear combination of weighted derivatives of the
logarithm of the transmission measures of the respective
spectral position, weighted by a respective weighting factor
depending on the derivative of the prestored effective tissue
attenuation parameter and the derivative of the prestored
blood attenuation parameters or the derivative of the pre-
stored absorption parameters of oxyhemoglobin and of
deoxyhemoglobin, wherein the respective derivatives are
calculated with respect to the spectral position.

[0088] In another embodiment, the method comptrises the
displaying of the corrected AC signal component of the
corrected sensor signal or of the tissue-path error or of the
light-coupling error or of the first part of the corrected sensor
signal or of the second part of the corrected sensor signal or
of the peripheral capillary oxygen saturation of the blood
within the tissue.

[0089] In apreferred embodiment, the at least two spectral
positions of the source light are two, or three, or four spectral
positions.

[0090] According to a third aspect of the present inven-
tion, a computer program for operating a PPG apparatus
comprises program code means for causing a computer to
carry out a method according to the second aspect of the
invention.

[0091] The computer which comprises the computer pro-
gram may for instance form an integrated part of a computer
watch device and be implemented as a microcontroller or
microprocessor. In another embodiment, the computer forms
an integrated part of a hospital computer system. In yet
another embodiment, the computer is integrated into a
medical device and the computer program comprises pro-
gram code means for determining vital sign information,
such as respiratory rate, pulse rate, blood pressure, blood
volume fraction and oxygen saturation from the sensor
signal of the PPG apparatus.

[0092] Itshall be understood that the PPG apparatus of the
first aspect of the invention, also defined in claim 1, the
method for operating a PPG apparatus of the second aspect,
also defined in claim 11, and the computer program for
operating a PPG apparatus, also defined in claim 15, have
similar or identical embodiments.

[0093] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0094] In the following drawings:

[0095] FIG. 1 shows an embodiment of a PPG apparatus
according to the first aspect of the invention;

[0096] FIG. 2 shows an embodiment of a PPG apparatus
comprising a memory unit according to the first aspect of the
invention;
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[0097] FIG. 3 is a schematic illustration of a calculation of
a processing unit within an embodiment of the PPG appa-
ratus according to the first aspect of the invention;

[0098] FIG. 4 is a schematic illustration of a calculation of
a processing unit determining derivatives of respective
parameters within an embodiment of the PPG apparatus
according to the first aspect of the invention;

[0099] FIG. 5 shows an embodiment of the PPG apparatus
according to the first aspect of the invention, wherein the
PPG apparatus forms a watch;

[0100] FIG. 6is a flow diagram that illustrates an embodi-
ment of a method for operating a PPG apparatus;

[0101] FIG. 7 is a flow diagram that illustrates a further
embodiment of a method for operating a PPG apparatus;
[0102] FIG. 8 is a flow diagram that illustrates a further
embodiment of a method for operating a PPG apparatus;
[0103] FIG. 9 is a flow diagram that illustrates a further
embodiment of a method for operating a PPG apparatus.

DETAILED DESCRIPTION OF EMBODIMENTS

[0104] FIG. 1 shows an embodiment of a PPG apparatus
100 according to the first aspect of the invention. The PPG
apparatus 100 comprises as at least one source of light 110
a first and a second source of light 112, 116, and as at least
one light detector 120 a first and a second light detector 122,
126. The source of light 110 is arranged and configured to
provide source light 130 of at least a first and a second
spectral position directed at a tissue 140. The light detector
120 is arranged and configured to detect scattered source
light, which has been scattered by the tissue 140, and to
provide at least a first sensor signal 127 indicative of the
scattered source light of the first spectral position and a
second sensor signal 129 indicative of the scattered source
light of the second spectral position. Furthermore, a pro-
cessing unit 150 is configured to receive the at least first and
second sensor signals 127, 129 and to calculate a corrected
sensor signal 160, which is indicative of a variation in blood
absorbance within the tissue 140. For calculating the cor-
rected sensor signal 160, the processing unit 150 uses the at
least first and second sensor signals 127, 129 and removes
a tissue-path error signal component, which is indicative of
a variation in optical path length through the tissue over
time, and a light-coupling error signal component, which is
indicative of a variation in the coupling between the source
light 130 emitted at the tissue 140 and the tissue, from the
at least first and second sensor signals 127, 129. Afterwards,
the processing unit 150 determines and provides a corrected
AC signal component 170 of the corrected sensor signal 160.
[0105] In the shown embodiment of the PPG apparatus
100, the processing unit 150 is further configured to provide
the corrected sensor signal 160. In this embodiment, the AC
signal component 170 and the corrected sensor signal 160
are received by a display device 180, comprising a graphical
output 182. The display device 180 is electrically and
functionally connected to a user interface 185, which is
arranged and configured to receive and provide a user input
indicative of blood attenuation parameters or absorption
parameters of oxyhemoglobin and deoxyhemoglobin or
effective tissue attenuation parameters or a measurement of
the PPG apparatus to be displayed. The user interface 185 is
formed by multiple buttons.

[0106] The depicted PPG apparatus 100 also provides an
electrical and functional connection 190 between the pro-
cessing unit 150 and the source of light 110. The connection
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190 is used to calibrate the source light intensity measure.
Options for performing a calibration are disclosed further
below. Furthermore, the source of light 110 is configured to
provide the processing unit 150 with an activity information,
which is indicative of a state of the source of light 110,
wherein the state of the source of light 110 includes an
information whether the source of light 110 provides source
light 130 or not.

[0107] The depicted encasement 195 is arranged to encase
the source of light 120, the processing unit 150 and the light
detector 120.

[0108] The tissue 140 in the shown embodiment of the
PPG apparatus is, e.g., an arm of a user of the PPG apparatus
100. The arm is not a part of the invention, but an object to
be investigated by the PPG apparatus 100.

[0109] Calibration of the PPG apparatus 100 can be per-
formed using the following considerations. The light emis-
sions at the different wavelengths are likely to have different
intensities. E.g., two different LEDs will not produce the
same output power, even at the same drive current. Also, the
detector will probably have a different sensitivity for the
different wavelengths. Thus, if one were to measure a white
reference standard, the measurements taken from the differ-
ent wavelengths would produce different results, which is
not correct because a white reference is measured. This error
can be corrected, e.g. during production, by adjusting the
drive currents such that the reference will be measured as
white, i.e., same measurement results for all wavelengths
used. Another possibility for calibration is a software cor-
rection factor for each wavelength, which can also be
determined at production using a white reference sample.
Yet another option is to really measure o as function of
wavelength at production and store these values.

[0110] As shown in an embodiment in FIG. 5, the PPG
apparatus can comprise as a single source of light a tunable
filter to provide source light of the first and second spectral
position. In a further embodiment not shown, source light of
a third or a forth spectral position is provide by the at least
one source of light. FIG. 3 illustrates a calculation of the
processing unit of an embodiment where source light of a
further third spectral position is provided.

[0111] As shown in an embodiment in FIG. 5, the PPG
apparatus can comprise as a single light detector a tunable
filter to provide a detection of scattered source light of the
at least first and second spectral position. In a further
embodiment not shown, source light of a third or a forth
spectral position is detected by the at least one light detector.
[0112] In an embodiment not shown, the PPG apparatus
further provides an amplifier unit to amplify the at least first
and second sensor signal or the corrected sensor signal.
[0113] FIG. 2 shows an embodiment of a PPG apparatus
200 comprising a memory unit 250 according to the first
aspect of the invention. The shown embodiment of the PPG
apparatus has nearly the same structure as the PPG apparatus
100 depicted in FIG. 1. The only difference is that the PPG
apparatus 200 further comprises a memory unit 250
arranged and configured to receive, store and provide blood
attenuation parameters or effective tissue attenuation param-
eters or absorption parameters of oxyhemoglobin and
deoxyhemoglobin or the corrected AC signal component
170 of the corrected sensor signal 160 or the tissue-path
error signal component or the light-coupling error signal
component or a first part of the corrected sensor signal 160
or a second part of the corrected sensor signal 160 or an
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oxygen saturation of the blood within the tissue 140. The
memory unit 250 is further configured to receive, store and
provide the user input 280.

[0114] FIG. 3 is a schematic illustration of a calculation of
a processing unit 310 within an embodiment of the PPG
apparatus 300 according to the first aspect of the invention.
At first, the processing unit 310 is configured to determine
the corrected sensor signal 380 by determining, as a function
of time, a transmission measure 320 for each spectral
position from the at least first and second sensor signal 330
and from a source light intensity measure 340. Afterwards,
the processing unit 310 calculates the corrected sensor signal
380 as a function of time in dependence on a logarithm of
the transmission measure 350 for each spectral position, a
prestored blood attenuation parameter 360 for each spectral
position, a prestored effective tissue attenuation parameter
370 for each spectral position, the tissue-path error signal
component and the light-coupling error signal component,
using the Beer-Lambert law. In this embodiment, there are
a first, a second and a third sensor signal 330. The trans-
mission measure 320, the blood attenuation parameter 360
and the effective tissue attenuation parameter 370 are pre-
stored within the processing unit 310. In an embodiment not
shown, the transmission measure 320, the blood attenuation
parameter 360 and the effective tissue attenuation parameter
370 are prestored partly within the processing unit, and in
the embodiment of the PPG apparatus 200 of FIG. 2, they
are prestored in the memory unit 250.

[0115] The light intensity measure 340 I, and the respec-
tive sensor signal 320 1(t,».) are used for the n™ spectral

position (n=1, 2 or 3), to determine the transmission measure
320

11, 4,)

T, A =

Afterwards, the logarithm of the transmission measure 350
T, =In(T(t,An)) is calculated and the processing unit 310
further uses the prestored blood attenuation parameter 360
b, for each spectral position and the prestored effective
tissue attenuation parameter 370 a, for each spectral posi-
tion, to calculate the corrected sensor signal 380 z(t) at
subsequent times of measuring t,, according to the formula

Ti(ay —a3) + Talaz — ar) + Tz(a; — az)
bilas —a) +bylay —a3) + bi(ar—ay)’

z8(1=1n) =

[0116] The characteristics within this formula are
described above in the course of Eq. (2). Thus, the process-
ing unit 310 is configured to determine the corrected sensor
signal 380 by calculating a normalized sum of weighted
logarithms of the transmission measures 350 of the respec-
tive spectral positions, weighted by a respective weighting
factor depending on differences of respective pairs of the
prestored effective tissue attenuation parameters 370.

[0117] This formula can be derived in view of Eq. (1), by
solving the linear system of three equations, each of them
based on Eq. (1) for the respective spectral position.

[0118] After the corrected sensor signal 380 is calculated
as a function of time, the processing unit 310 is further
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configured to determine and provide an AC signal compo-
nent 390 of the corrected sensor signal 380.

[0119] Inan embodiment not shown, the processing unit is
further configured to provide the corrected sensor signal.

[0120] 1Ina further not shown embodiment, the processing
unit of the PPG apparatus is further configured to receive a
fourth sensor signal and to calculate and provide a first and
a second part of the corrected sensor signal for providing a
peripheral capillary oxygen saturation of blood within the
tissue, wherein the first part of the corrected sensor signal is
indicative of a blood absorbance due to oxyhemoglobin and
the second part of the corrected sensor signal is indicative of
a blood absorbance due to deoxyhemoglobin. For calculat-
ing these signals, the processing unit uses the first, second,
third and fourth sensor signals and the source light intensity
measure to determine the transmission measure for each
spectral position. Furthermore, the processing unit uses the
prestored effective tissue attenuation parameter depending
on absorption of source light by the tissue for each of the
spectral positions, and the prestored absorption parameters
of oxyhemoglobin and of deoxyhemoglobin as a function of
spectral position. In this embodiment not shown, the pro-
cessing unit calculates the first and second part of the
corrected sensor signal as a respective normalized linear
combination of weighted logarithms of the transmission
measures of the respective spectral positions, weighted by a
respective weighting factor depending on the linear combi-
nation of the prestored effective tissue attenuation parameter
and the prestored absorption parameters of oxyhemoglobin
and or deoxyhemoglobin.

[0121] Ina further embodiment that is not illustrated in the
Figures, a processing unit according to the processing unit
310 of FIG. 3 calculates the corrected sensor signal by
solving a system of linear equations according to the Beer-
Lambert law numerically, without an algebraic solution as
given in the context of FIG. 3.

[0122] FIG. 4is a schematic illustration of a calculation of
a processing unit 410 determining derivatives of respective
parameters within an embodiment of the PPG apparatus 400
according to the first aspect of the invention. At first, the
processing unit 410 is configured to determine the corrected
sensor signal by determining, as a function of time, a
transmission measure 420 for each spectral position from the
first and second sensor signal 430 and from a source light
intensity measure 440. Afterwards, the processing unit 410
calculates the corrected sensor signal 480 as a function of
time in dependence on a logarithm of the transmission
measure 450 for each spectral position, a prestored blood
attenuation parameter 460 for each spectral position, a
prestored effective tissue attenuation parameter 470 for each
spectral position, the tissue-path error signal component and
the light-coupling error signal component, using the Beer-
Lambert law. In this embodiment, there are a first and a
second sensor signal 430. The transmission measure 420, the
blood attenuation parameter 460 and the effective tissue
attenuation parameter 470 are prestored within the process-
ing unit 410. The processing unit 410 is further configured
to determine a logarithm of the transmission measure 450.
Afterwards, the processing unit 410 determines a derivative
of the logarithm of the transmission measure 455, of the
prestored blood attenuation parameter 465, and of the pre-
stored effective tissue attenuation parameter 475, wherein all
derivatives are taken with respect to the spectral position.
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[0123] Inthis embodiment the derivatives of the logarithm
of the transmission measures 455, of the blood attenuation
parameter 465 and of the effective tissue attenuation param-
eter 475 are calculated by a respective difference quotient,
i.e. in case of the logarithm of the transmission measures 455
T,'=(T,-T,)/(A,~h,). In an embodiment not shown, the
derivatives of the blood attenuation parameter and of the
effective tissue attenuation parameter are calculated by using
a heuristic or analytic formula for the parameter and calcu-
lating a solution of a corresponding derivative of the heu-
ristic or analytic formula.

[0124] The processing unit 410 further calculates the
corrected sensor signal 480 as a normalized difference of
weighted derivatives of the logarithm of the transmission
measures 455 of the respective spectral position, weighted
by the derivative of the prestored effective tissue attenuation
parameter 475 of the respective other spectral position. The
formula for calculating the corrected sensor signal z4(t) 480
in this embodiment can be derived from the Beer-Lambert
law by using the derivative of Eq. (1) with respect to A, and
has the following form:

_. . _Ha-Tq
[0125] Thus, the processing unit 410 calculates the cor-

rected sensor signal 480 z,(t) at subsequent times of mea-
suring t,, and therefore determines the corrected sensor
signal 480 as a function of time. Afterwards, the processing
unit 410 is further configured to determine and provide an
AC signal component 490 of the corrected sensor signal 480.

[0126] In a embodiment not shown, the processing unit of
the PPG apparatus is further configured to receive a third
sensor signal and to calculate and provide a first and a
second part of the corrected sensor signal for providing a
peripheral capillary oxygen saturation of blood within the
tissue, wherein the first part of the corrected sensor signal is
indicative of a blood absorbance due to oxyhemoglobin and
the second part of the corrected sensor signal is indicative of
a blood absorbance due to deoxyhemoglobin. For calculat-
ing these signals, the processing unit uses the first, second
and third sensor signals and the source light intensity
measure to determine the transmission measure for each
spectral position. Furthermore, the processing unit uses the
prestored effective tissue attenuation parameter for each of
the spectral positions, and the prestored absorption param-
eters of oxyhemoglobin and of deoxyhemoglobin as a func-
tion of spectral position, for determining the derivatives of
the prestored effective tissue attenuation parameters and of
the prestored absorption parameters of oxyhemoglobin and
of deoxyhemoglobin with respect to the spectral position.

[0127] In this embodiment, the processing unit calculates
the first and second part of the corrected sensor signal as a
normalized sum of weighted derivatives of the logarithm of
the transmission measures of the respective spectral posi-
tion, weighted by a respective weighting factor depending
on a linear combination of respective pairs of the derivatives
of the prestored effective tissue attenuation and the deriva-
tives of the prestored absorption parameters of oxyhemo-
globin and or deoxyhemoglobin, wherein the respective
derivatives are calculated with respect to the spectral posi-
tion.
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[0128] In a further embodiment, a processing unit accord-
ing to the processing unit 410 of FIG. 4 calculates the
corrected sensor signal by solving a system of linear equa-
tions according to the Beer-Lambert law numerically, with-
out an algebraic solution as given in the context of FIG. 4.
[0129] FIG. 5 shows an embodiment of the PPG apparatus
500 according to the first aspect of the invention, wherein
the PPG apparatus forms a watch. The PPG apparatus 500
corresponds to the embodiment of the PPG apparatus 100
shown FIG. 1. The only differences are the form of the
encasement 520, which forms a watch with the included
PPG apparatus 500, and that the at least one source of light
540 comprises one source of light with a tunable filter,
providing source light of the at least first and second spectral
position, while the at least one light detector 560 comprises
one light detector with a tunable filter, providing a detection
of scattered source light of the at least first and second
spectral position. The dashed lines in FIG. 5 show elements
of the PPG apparatus 500 that are not visible in a front view
of the watch, i.e. elements of the PPG apparatus 500 that are
on the backside or within the watch.

[0130] In view of the encasement 520, the PPG apparatus
also provides a carrying device 580 which is in this embodi-
ment a watchstrap.

[0131] The encasement of this embodiment leads to a
simple determination of vital-sign information of the user of
the PPG apparatus 500. This also enables an automatized or
frequent calculation of the corrected sensor signal. It is
particularly advantageous to remove the tissue-path error
signal component and the light-coupling error signal com-
ponent for the PPG apparatus 500, since an intensive motion
can lead to a high level of signal error components due to
motion, which affects the light-coupling error signal com-
ponent.

[0132] In an embodiment not shown, the user interface is
at least partly formed by a cogwheel of the watch.

[0133] FIG. 6is a flow diagram that illustrates an embodi-
ment of a method for operating a PPG apparatus. The
method comprises as a first step 610 an emitting of source
light of at least a first and a second spectral position directed
at a tissue.

[0134] The next step 620 is a receiving of scattered source
light, which has been scattered by the tissue, and a providing
of at least a first sensor signal indicative of the scattered
source light of the first spectral position and a second sensor
signal indicative of the scattered source light of the second
spectral position.

[0135] The method further comprises a calculating of a
corrected sensor signal (630), indicative of a variation in
blood absorbance within the tissue, by using the at least first
and second sensor signal and by removing a tissue-path error
signal component, which is indicative of a variation in
optical path length through the tissue over time, and a
light-coupling error component, which is indicative of a
variation of source light intensity of the source light emitted
at the tissue, from the at least first and second sensor signals.
[0136] As a last step 640, the method comprises a deter-
mining and providing of a corrected AC signal component of
the corrected sensor signal.

[0137] FIG. 7 is a flow diagram that illustrates a further
embodiment of a method for operating a PPG apparatus. The
method comprises, in addition to the steps given in the
context of FIG. 6, as a first step 710 a determining of a
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transmission measure for each spectral position from the
first and second sensor signal and from a source light
intensity measure.

[0138] The second and last step 720 is a calculating of the
corrected sensor signal as a function of time in dependence
on a logarithm of the transmission measure for each spectral
position, a prestored blood attenuation parameter for each
spectral position or a prestored absorption parameters of
oxyhemoglobin and of deoxyhemoglobin for each spectral
position, a prestored effective tissue attenuation parameter
for each spectral position, the corrected sensor signal, the
tissue-path error signal component and the light-coupling
error signal component, using the Beer-Lambert law.
[0139] FIG. 8 is a flow diagram that illustrates a further
embodiment of a method for operating a PPG apparatus. The
method comprises, in addition to the steps given in the
context of FIG. 6 and FIG. 7, the single step 810 of
determining the corrected sensor signal or a first part of the
corrected sensor signal, which is indicative of a blood
absorbance due to oxyhemoglobin, and a second part of the
corrected sensor signal, which is indicative of a blood
absorbance due to deoxyhemoglobin, by calculating a nor-
malized linear combination of weighted logarithms of the
transmission measures of the respective spectral position,
weighted by a respective weighting factor depending on the
prestored effective tissue attenuation parameters or on the
prestored effective tissue attenuation parameter and the
prestored absorption parameters of oxyhemoglobin or
deoxyhemoglobin.

[0140] FIG. 9 is a flow diagram that illustrates a further
embodiment of a method for operating a PPG apparatus. The
method comprises, in addition to the steps given in the
context of FIG. 6 and FIG. 7, as a first step 910 a deter-
mining of a derivative of the prestored blood attenuation
parameter with respect to the spectral position or of deriva-
tives of the prestored absorption parameters of oxyhemo-
globin and of deoxyhemoglobin with respect to the spectral
position.

[0141] Afterwards, a derivative of the prestored effective
tissue attenuation parameter with respect to the spectral
position is determined (920).

[0142] As last step 930, the method comprises a calculat-
ing of the corrected sensor signal as a normalized linear
combination of weighted derivatives of the logarithm of the
transmission measures of the respective spectral position,
weighted by a respective weighting factor depending on the
derivative of the prestored effective tissue attenuation
parameter and the derivative of the prestored blood attenu-
ation parameters or the derivative of the prestored absorp-
tion parameters of oxyhemoglobin and of deoxyhemoglobin,
wherein the respective derivatives are calculated with
respect to the spectral position.

[0143] In summary, the invention relates to a PPG appa-
ratus, comprising at least one source of light arranged and
configured to provide source light of at least a first and a
second spectral position to be directed at a tissue; at least one
light detector arranged and configured to detect scattered
source light, which has been scattered by the tissue, and to
provide at least a first sensor signal indicative of the scat-
tered source light of the first spectral position and a second
sensor signal indicative of the scattered source light of the
second spectral position; and a processing unit. The pro-
cessing unit is configured to receive the at least first and
second sensor signal and to calculate a corrected sensor
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signal, which is indicative of a variation in blood absorbance
within the tissue, by using the at least first and second sensor
signals, and by removing a tissue-path error signal compo-
nent, which is indicative of a variation in optical path length
through the tissue over time, and a light-coupling error
signal component, which is indicative of a variation of
coupling between the source light emitted at the tissue and
the tissue, from the at least first and second sensor signals.
[0144] While the present invention has been illustrated
and described in detail in the drawings and foregoing
description, such illustration and description are to be con-
sidered illustrative or exemplary and not restrictive; the
invention is not limited to the disclosed embodiments. Other
variations to the disclosed embodiments can be understood
and effected by those skilled in the art in practicing the
claimed invention, from a study of the drawings, the dis-
closure, and the appended claims.
[0145] In particular the invention is not restricted to the
use of two, three or four spectral positions and to studies of
blood saturation. The invention is furthermore not restricted
to medical applications.
[0146] In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
or “an” does not exclude a plurality. The combination of
elements by the word “or” does not exclude an element but
clarifies that every combination of the combined elements is
possible.
[0147] Asingle step or other units may fulfill the functions
of several items recited in the claims. The mere fact that
certain measures are recited in mutually different dependent
claims does not indicate that a combination of these mea-
sures cannot be used to advantage.
[0148] Any reference signs in the claims should not be
construed as limiting the scope.
1. A photoplethysmography apparatus, hereinafter PPG
apparatus, comprising:
at least one source of light arranged and configured to
provide source light of at least a first and a second
spectral position to be directed at a tissue;
at least one light detector arranged and configured to
detect scattered source light, which has been scattered
by the tissue, and to provide at least a first sensor signal
indicative of the scattered source light of the first
spectral position and a second sensor signal indicative
of the scattered source light of the second spectral
position; and
a processing unit, which is configured to
receive the at least first and second sensor signal of a
given time of measuring (t,,) and
calculate a corrected sensor signal of the given time of
measuring (t,,), the corrected sensor signal over time
being indicative of a variation in blood absorbance
within the tissue,
by using the at least first and second sensor signals
of only the given time of measuring,
by removing a tissue-path error signal component,
which over time is indicative of a variation in
optical path length through the tissue caused by
transmitted or back-scattered light originating
from the skin of the tissue or from a tissue portion
that surrounds the blood, and a light-coupling
error signal component, which over time is indica-
tive of a variation of a coupling between the
source light emitted at the tissue and the tissue,



US 2018/0168492 Al
11

from the at least first and second sensor signals of
the given time of measuring, and
determine and provide a corrected AC signal compo-
nent of the corrected sensor signal of the given time
of measuring.
2. The PPG apparatus of claim 1, wherein the processing
unit is configured to determine the corrected sensor signal by
determining a transmission measure for each spectral
position from the at least first and second sensor signal
and from a source light intensity measure;
calculating the corrected sensor signal (160) as a function
of time t, using the following analytic relation based on
the Beer-Lambert law,

70,0 = 6y (e BN O Qe )
Iy

wherein

T(t.A) is the transmission measure for each spectral
position A,

c(t) the light-coupling error, which is indicative of a
variation of source light intensity of the source light,

uz(A) is the effective tissue attenuation parameter,

uz(2) the blood attenuation parameter,

7,(t) is an effective optical tissue path length of the
detected scattered source light,

z5(1) is a time-dependent optical path length through
the blood and thus the wanted corrected sensor
signal, which is indicative of a variation in blood
absorbance over time, and using a logarithm of the
transmission measure for each spectral position, a
prestored value of the blood attenuation parameter
for each spectral position, a prestored effective tissue
attenuation parameter for each spectral position.

3. The PPG apparatus of claim 2, wherein the processing
unit is further configured to determine the corrected sensor
signal by

determining a derivative of the prestored blood attenua-

tion parameter with respect to the spectral position;

determining a derivative of the prestored effective tissue

attenuation parameter with respect to the spectral posi-

tion;

calculating the corrected sensor signal as a normalized
difference of weighted derivatives of the logarithm
of the transmission measures of the respective spec-
tral position, weighted by the derivative of the pre-
stored effective tissue attenuation parameter of the
respective other spectral position, wherein the
respective derivatives are calculated with respect to
the spectral position, and wherein the corrected sen-
sor signal is calculated at subsequent times of mea-
suring t,, according to the formula

Tia) - Tha)
{t=1,) = ,
W o hiay
wherein
T, with n=1, 2, . . . means In(T(t=t,A,)), i.e. the

logarithm of the transmission measure at a time of
measuring t, for the respective source light of the
spectral position A,
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b, means pz(A,), i.e., the blood attenuation parameter
for the respective source light of the spectral position
-

a, means [ (A,), ie. the effective tissue attenuation
parameter for the respective source light of the
spectral position A,

and all derivatives are symbolized by an apostrophe and
taken with respect to the spectral position.

4. The PPG apparatus of claim 2, wherein

the at least one source of light is further configured to

provide source light of a third spectral position to be

directed at the tissue,

the at least one light detector is further configured to

provide at least a third sensor signal indicative of

scattered source light of the third spectral position, and
the processing unit is further configured to

receive the third sensor signal and

calculate and provide the corrected sensor signal by
using the first, second and third sensor signals.

5. The PPG apparatus of claim 4, wherein the processing
unit is configured to determine the corrected sensor signal by
calculating a normalized sum of weighted logarithms of the
transmission measures of the respective spectral positions,

wherein

n=1,2, ..., and

T, means In(T(t=t,,,,)), 1.e. the logarithm of the trans-
mission measure at a time of measuring t, for the
respective source light of the spectral position A,

wherein the logarithms of the transmission measures
are weighted by a respective weighting factor
depending on differences of respective pairs of the
prestored effective tissue attenuation parameters
AN

6. The PPG apparatus of claim 4, wherein the processing
unit is further configured to use absorption parameters of
oxyhemoglobin and of deoxyhemoglobin, which are pre-
stored as a function of spectral position, respectively, and to
determine and provide an peripheral capillary oxygen satu-
ration SpO2 of blood within the tissue by calculating a first
part 7., (t) of the corrected sensor signal using the prestored
absorption parameters of oxyhemoglobin and deoxyhemo-
globin, and by calculating a second part zp,, (1) of the
corrected sensor signal using the prestored absorption
parameters of oxyhemoglobin and deoxyhemoglobin,
wherein the first part z,,,(t) of the corrected sensor signal is
indicative of a blood absorbance due to oxyhemoglobin and
the second part of the corrected sensor signal is indicative of
a blood absorbance due to deoxyhemoglobin, and by calcu-
lating

SPOZZZHboz/ (ZHbaz*'ZHb)-

7. The PPG apparatus of claim 6, wherein the processing
unit is further configured to determine the corrected sensor
signal by

determining derivatives of the prestored absorption

parameters of oxyhemoglobin and of deoxyhemoglobin
with respect to the spectral position;

determining a derivative of the prestored effective tissue

attenuation parameter with respect to the spectral posi-
tion,;

calculating the first and second part of the corrected

sensor signal as a normalized sum of weighted deriva-
tives of the logarithm of the transmission measures of
the respective spectral position, weighted by a respec-
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tive weighting factor depending on a linear combina-
tion of respective pairs of the derivatives of the pre-
stored effective tissue attenuation parameter and the
derivatives of the prestored absorption parameters of
oxyhemoglobin and of deoxyhemoglobin, wherein the
respective derivatives are calculated with respect to the
spectral position.

8. The PPG apparatus of claim 6, wherein

the at least one source of light is further configured to

provide source light of a fourth spectral position to be
directed at the tissue,

the at least one light detector is further configured to

provide at least a fourth sensor signal indicative of
scattered source light of the fourth spectral position,
and

the processing unit is further configured to

receive the fourth sensor signal and
calculate and provide the first and the second part of the
corrected sensor signal by
using the first, second, third and fourth sensor signals
and the source light intensity measure to deter-
mine the transmission measure for each spectral
position,
using a prestored effective tissue attenuation param-
eter depending on an absorption of source light by
the tissue for each of the spectral positions,
calculating a normalized linear combination of
weighted logarithms of the transmission measures
of the respective spectral positions, weighted by a
respective weighting factor depending on the pre-
stored effective tissue attenuation parameter and
prestored absorption parameters of oxyhemoglo-
bin and of deoxyhemoglobin.

9. The PPG apparatus of claim 2, further comprising a
memory unit arranged and configured to receive, store and
provide blood absorbance parameters or effective tissue
attenuation parameters or absorption parameters of oxyhe-
moglobin and deoxyhemoglobin or the corrected AC signal
component of the corrected sensor signal or the tissue-path
error signal component or the light-coupling error signal
component or the first part of the corrected sensor signal or
the second part of the corrected sensor signal or the oxygen
saturation of the blood within the tissue.

10. The PPG apparatus of claim 1, further comprising a
user interface arranged and configured to receive and pro-
vide a user input indicative of blood attenuation parameters
or absorption parameters of oxyhemoglobin and deoxyhe-
moglobin or effective tissue attenuation parameters or a
measurement of the PPG apparatus to be displayed.

11. A method for operating a photoplethysmography
apparatus, hereinafter PPG apparatus, the method compris-
ing

emitting source light of at least a first and a second

spectral position directed at a tissue:

receiving scattered source light, which has been scattered

by the tissue, and providing at least a first sensor signal
indicative of the scattered source light of the first
spectral position and a second sensor signal indicative
of the scattered source light of the second spectral
position;

calculating a corrected sensor signal of a given time of

measuring (t,,). the corrected sensor signal over time
being indicative of a variation in blood absorbance
within the tissue, by using the at least first and second

12
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sensor signals of only the given time of measuring, and
by removing a tissue-path error signal component,
which over time is indicative of a variation in optical
path length through the tissue caused by transmitted or
back-scattered light originating from the skin of the
tissue or from a tissue portion that surrounds the blood,
and a light-coupling error component, which over time
is indicative of a variation of a coupling between the
source light emitted at the tissue and the tissue, from
the at least first and second sensor signals of the given
time of measuring; and

determining and providing a corrected AC signal compo-
nent of the corrected sensor signal of the given time of
measuring.

12. The method of claim 11, further comprising

determining a transmission measure for each spectral
position from the first and second sensor signal and
from a source light intensity measure;

calculating the corrected sensor signal as a function of
time t, using the following analytic relation based on
the Beer-Lambert law,

() = 4 ([1’ N (e HBNBOUTOT O
0

wherein
T(t,A) is the transmission measure for each spectral
position A,
c(t) the light-coupling error, which is indicative of a
variation of source light intensity of the source light,
pA) is the effective tissue attenuation parameter,
1z(A) the blood attenuation parameter,
z,(1) is an effective optical tissue path length of the
detected scattered source light,
z5(1) is a time-dependent optical path length through
the blood and thus the wanted corrected sensor
signal, which is indicative of a variation in blood
absorbance over time, and using a logarithm of the
transmission measure for each spectral position, a
prestored value of the blood attenuation parameter
for each spectral position, and a prestored value of
the effective tissue attenuation parameter for each
spectral position, the corrected sensor signal.
13. (canceled)
14. The method of claim 12, further comprising:
determining a derivative of the prestored blood attenua-
tion parameter with respect to the spectral position or
derivatives of the prestored absorption parameters of
oxyhemoglobin and of deoxyhemoglobin with respect
to the spectral position;
determining a derivative of the prestored effective tissue
attenuation parameter with respect to the spectral posi-
tion;
calculating the corrected sensor signal as a normalized
linear combination of weighted derivatives of the
logarithm of the transmission measures of the
respective spectral position, weighted by a respective
weighting factor depending on the derivative of the
prestored effective tissue attenuation parameters or
on the derivative of the prestored absorption param-
eters of oxyhemoglobin and of deoxyhemoglobin,
wherein the respective derivatives are calculated
with respect to the spectral position, and wherein the
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corrected sensor signal is calculated at subsequent
times of measuring t,, according to the formula

Tig, - T
wherein
T, with n=1, 2, . . . means In(T(t=t,A))), i.e. the

logarithm of the transmission measure at a time of
measuring t, for the respective source light of the
spectral position A,
b, means uz(A,), i.e., the blood attenuation parameter
for the respective source light of the spectral position
}\’I’IS
a, means [A,), i.e. the effective tissue attenuation
parameter for the respective source light of the
spectral position A,
and all derivatives are symbolized by an apostrophe and
taken with respect to the spectral position.

15. A computer program for operating a photoplethys-
mography apparatus comprising program code means for
causing a computer to carry out a method according to claim
1.
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