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Photopiethysmography (PPG) apparatus and method for determining

physiological changes

Technical field

The present invention relates to photoplethysmography (PPG) apparatus and
method for determining physiological changes.

Background
Photoplethysmography (PPG) refers to the use of light to acquire a

plethysmogram, which is a volumetric measurement of an organ. PPG is a
simple, low-cost technique of detecting blood volume changes in micro-vascular
bed of tissues. While PPG is widely used in the medical field for its ease and
low-cost of implementation, measurement results obtained using known PPG
techniques typically have a low accuracy due the inability of the PPG
techniques to effectively handle factors such as user skin tone/colour, user
motion, ambient light and ambient temperature. Existing hardware is known to
employ complex designs involving complex circuits in order to mitigate these

factors.

It is desirable to provide a photoplethysmography (PPG) apparatus and method
for determining physiological changes, which address at least one of the
drawbacks of the prior art and/or to provide the public with a useful choice.

Summary

According to one aspect, there is provided a photoplethysmography (PPG)
apparatus for determining physiological changes, comprising: a light source
operable to emit a light signal having a variable intensity dependent on a skin
characteristic; first and second photodetectors operable to detect a reflection of
the light signal to provide a combined current signal; and a signal processing
circuit operable to convert the current signal into a PPG signal for determining

physiological changes.
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The described embodiments are particularly advantageous. By virtue of the
dependency of the intensity of the light signal on the skin characteristic, the light
signal can be adjusted to save power or to improve a signal-to-noise ratio of a
resultant PPG signal. Further, by using a single light source, a smaller form
factor can be achieved. With a single light source, heat generation and power
consumption attributed light emission are lower in comparison with existing
systems requiring multiple light sources. Furthermore, a smaller footprint may

be achieved by the apparatus without compromising the desired light emittance.

The intensity of the light signal may range from 1900 MCD to 3000 MCD.
Preferably, the light source is driven by a driving current ranging from 1 mA to
20 mA to provide the light signal. The skin characteristic may be a skin colour
(e.g., dependent on pigmentation or tattoo ink). For a darker skin colour, a
higher light intensity may be achieved by an increased driving current to
improve the signal-to-noise ratio of the resultant PPG signal. For example, for a
darker skin colour, the apparatus may be configured such that the driving
current varies within the range from 13 mA to 20 mA to provide the light source.
For a lighter skin colour, a lower light intensity may be used by lowering the
driving current to thereby save power and to reduce the risk of skin damage due
to a higher skin sensitivity to light. The skin characteristic may also be, for
example, a skin depth and a skin texture. Skin depth may relate to distribution
of hair with respect to skin. Skin texture may relate to changes of elastin
attributed to age and gender. The PPG technique allows certain light to
penetrate to certain skin depth. There are two variants of the technique. In one
variant (transmission), light traversing through a body portion of interest (e.g.,
finger) is detected. In the other variant (reflection), light reflected by a body
portion of interest (e.g., wrist) is detected.

The apparatus may further comprise a low signal transistor associated with the
light source. For example, the low signal transistor forms part of or is associated
with a driving circuit providing the driving current. The low signal transistor is

meant for high resolution of the current.



10

[
(€]

20

25

30

WO 2019/022670 PCT/SG2018/050375

Preferably, the light source is operable to alternate between ON and OFF states
to emit the light signal. Little or no power is consumed by the light source in the
OFF state. Further, for the adjustment of the light intensity according to the skin

characteristic, a variable driving current for driving the light source may be used,
as discussed above.

The signal processing circuit may be configured to provide a passband of 0.6
Hz to 8 Hz for filtering a voltage signal relating to the current signal so as to
provide the PPG signal. This particular passband corresponds to a portion of

current signal representative of information particularly pertinent to a PPG state.

Preferably, the signal processing circuit includes a high-pass filter (HPF) and a
low-pass filter (LPF) cooperating to provide the passband for filtering unwanted
frequency compeonents. The signal processing circuit may further include
another LPF with a cut-off frequency ranging from 100 Hz to 2000 Hz. The
signal processing circuit may further include a voltage follower arranged
between the HPF and one of the LPFs. The signal processing circuit may

further include an amplifier arranged between the HPF and one of the LPFs.

According to another aspect, there is provided a signal processing circuit
configured to provide a passband of 0.6 Hz to 8 Hz for filtering a voltage signall

relating to a current signal provided by a photodetector so as to provide a PPG
signal.

According to another aspect, there is provided a photoplethysmography (PPG)
method for determining physiological changes, comprising: emitting, using a
light source, a light signal having a variable intensity dependent on a skin
characteristic; detecting, using first and second photodetectors, a reflection of
the light signal to provide a combined current signal; and converting, using a
signal processing circuit, the current signal into a PPG signal for determining
the physiological changes.
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According to another aspect, there is provided a photoplethysmography (PPG)
monitoring apparatus, comprising: a first signal processor configured to provide
a command from a MCU port to a digital-to-analog convertor circuit to
communicate with the light driver; at least one light source configured to
generate and emit a light signal, a light detector unit having at least two
photodetectors configured to retrieve light from the at least one light source,
wherein the at least one light source is indicative of a current signal, a second
signal processor configured to convert the current signal to a voltage signal; the
at least one light source having a light driver configured to a low signal
transistor for providing a current control from the light driver to the at least one
light source; a third signal processor configured to provide a cut-off frequency.

The apparatus may comprise at least one voltage follower configured to
communicate with the second signal processor to maintain a voltage output

level.

Preferably, the at least one voltage follower communicates with at least one
gain amplifier, wherein the at least one gain amplifier further communicates with

the third signal processor to amplify to a desired gain.
The desired gain may be 75 or 150.

Preferably, the cut-off frequency is between 0.6 Hz to 8.0 Hz. The third signal
processor may be a band pass filter. The low signal transistor may be a NPN.

The at least one light source may be green color.

According to another aspect, there is provided a photoplethysmography (PPG)
monitoring method comprising: generating a light signal by a light source unit;
observing the light signal by at least two photodetectors, wherein the light signal
is indicative of an absorption of a current signal, and converting the current

Amended sheet - IPEA/SG
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signal to a voltage signal, wherein an analog signal of the voltage signal

processed to amplify and filter the analog signal.

The method may further comprise maintaining a voltage output level of the
voltage signal with at least one voltage follower. Preferably, the at least one
voltage follower communicates with at least one gain amplifier, amplifying a

desired gain with the at least one gain amplifier.

Further comprise converting the current signal to the voltage signal based on a

transimpedance amplifier.

It is envisaged that features relating to one aspect may be applicable to the
other aspects.

Brief Description of the drawings

Example embodiments will now be described hereinafter with reference to the
accompanying drawings, wherein like parts are denoted by like reference
numerals. Among the drawings:

Figure 1 is a system block diagram of a photoplethysmography (PPG)
apparatus for determining physiological changes according an embodiment of
the present invention;

Figure 2 is a flowchart of signal communication among some
components of the apparatus of Figure 1;

Figure 3 is a system block diagram of a photoplethysmography (PPG)
apparatus for determining physiological changes according another
embodiment of the present invention:

Figure 4 is a flowchart of signal communication among components of
the apparatus of Figure 3;

Figure 5 is a circuit diagram of a driving circuit associated with a light
source of the apparatus of Figure 1;

Figure 6 is a circuit diagram of a pair of photodetectors of the apparatus
of Figure 1;
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Figure 7 is a circuit diagram of a transimpedance amplifier associated
with the photodetectors of the apparatus of Figure 1;

Figure 8 is a circuit diagram showing one portion of the apparatus of
Figure 1, including a low-pass filter and an associated voltage follower;

Figure 9 is a circuit diagram of a modification of the apparatus of Figure 1
without the low-pass filter and the voltage follower;

Figure 10 shows a circuit diagram of a portion of the apparatus of Figure
3, including a sample-and-hold switch;

Figures 11(a) to 11(c) show a line chart of amplitude versus time for a
DC signal;

Figures 12(a) to 12(c) show a line chart of amplitude versus time for an
AC signal;

Figure 13 shows SNR measurements obtained using the apparatus of
Figure 1 and a conventional apparatus for different test subjects;

Figure 14 shows measurements of transient response obtained for a
signal processing circuit of the apparatus of Figure 1;

Figures 15(a) and 15(b) show time-domain measurements of a PPG
signal without and with a LPF of the apparatus of Figure 1, respectively;

Figures 16(a) and 16(b) show frequency-domain (FFT) measurements of
the PPG signal of Figure 15 without and with the LPF, respectively; and

Figure 17 is another flowchart of signal communication among some

components of the apparatus of Figure 1.

Detailed Description

Figure 1 shows a system block diagram of a photoplethysmography (PPG)
apparatus 100 for determining physiological changes according to one
embodiment of the present invention. The apparatus 100 includes a light
emitting diode (LED) 110, an analogue switch 120, a plurality of photodetectors
130, a transimpedance amplifier (TIA) 140, a first low-pass filter (LPF) 150, a
voltage follower 160, a high-pass filter (HPF) 170, an amplifier 180, and a
second LPF 190. Figure 2 illustrates an example flow of signal communication

among some of the components 110-190. Figure 17 illustrates another example
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flow of signal communication among some of the components 110-190. In this
embodiment, the apparatus 100 is wearable on a wrist portion of a user. The

components 140-190 form, partially or wholly, a signal processing circuit.

The apparatus 100 can take any suitable form, such as a wearable device (e.g.,
worn on a wrist) or a non-wearable device. Alternatively, the apparatus 100 may
also be implemented in or form part of any suitable device, such as a
smartphone device. The apparatus 100 is configured to perform a method for

determining physiological changes according to one embodiment of the present
invention.

Referring to Figure 5, the LED 110, serving as a light source, is driven by a
driving current provided by a driving circuit 111 (see the circuit diagram of
Figure 5) to emit a light signal according to a control signal (“MCU control
signal”} provided by a main communicating unit (MCU, not shown) via a digital-
to-analogue converter (DAC) 113 (see also Figure 17). The emitted light signal
has a wavelength between 505 nm to 535 nm, more particularly between 515
nm to 525 nm.

The light signal emitted by the LED 110 has a variable intensity dependent on a
skin characteristic of the wrist portion. In this embodiment, the skin
characteristic is a skin colour dependent on, for example, skin pigmentation or
tattoo ink. The driving current ranges from 1 mA to 20 mA, and the light signal
has an intensity correspondingly ranging from 1900 MCD to 3000 MCD. The
apparatus 100 is configured such that the variable intensity and hence the
driving current are dependent on the skin characteristic. In this embodiment, the
darker the skin colour, the higher the driving current. For darker skin colours,
the driving current may vary within the range from 13 mA to 20 mA. This
arrangement is useful because with a darker skin colour, a larger portion of the
emitted light signal is absorbed by the skin, meaning that a smaller portion of
the emitted light signal is reflected for detection. By increasing the driving

current, the intensity of the light signal can be increased to achieve a resultant
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PPG signal with a satisfactory signal-to-noise ratio (SNR). Alternatively, with a
lighter skin colour, a smaller portion of the emitted light signal is absorbed,
meaning that a larger portion of the emitted light signal is reflected. This allows
a smaller driving current to be used to achieve a resultant PPG signal with a

satisfactory SNR, thereby reducing power consumption.

The LED 110 alternates between ON and OFF states according to the control
signal provided by the MCU. At the ON state, the LED 110 emits the light signal
with the variable intensity as described above. At the OFF state, the LED 110
emits no light. A low signal transistor 112 associated with the LED 110 is shown
to be marked by a circle in Figure 5. In this embodiment, the low signal
transistor 112 forms part of the driving circuit 111 such that the driving circuit
111 further control alternation of the LED between the ON and OFF states in
addition controlling the intensity of the emitted light signal. In one example
configuration, the ON and OFF states have durations of 1 ms and 11 ms,
respectively. The low signal transistor is used to achieve a wider resolution
range for the light signal. As described above, the resolution range, with the low
signal transistor, typically falls within the range from 1900 MCD to 3000 MCD.
With such a configuration, the light signal correspondingly alternates between
two intensity states representable by a square wave of two states. In other
embodiments, the LED 110 may be controlled to alternate between two ON

states of different intensity levels.

With respect to the low signal transistor 112 as shown in Figure 5, the driving
current is marked by “lLep” and is controlled by a base current marked by “Iv”
from the DAC 113. The DC gain of the low signal transistor “hre” satisfies the
relationship of ltep = hre x Ib. The base current flows through the resistor
marked by “R7” and is controlled by a voltage (marked by “Vbac”) the DAC
(marked by “U3”) and dependent on the MCU control signal. With the voltage
difference between the base and emitter being 0.7, the base current satisfies
the relationship:

_ Voac =07

I
b R,
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Thus, the driving current is controlled by the base current of the low signal

transistor and is a product of the base current and the DC gain value (typically
ranging from 100 to 250).

In embodiments of multiple LEDs, where more than one LED needs to be
activated at any given time, or where the intensity of the light signal is to be
increased, the voltage of the driving signalrmay be increased from 3.3 V to 3.5
V through a reduction in resistance of an associated resistor (e.g., a fixed

resistor) from 3.3 Ohms (Q) to 1 Ohms (Q), which results in a change of the
driving current from 13 mA to 20 mA.

Figure 8 shows a circuit representation of the photodetectors 130, the TIA 140,
the first LPF 150 and the voltage follower 160. In this embodiment, the
photodetectors 130 include first and second photodetectors 130a, 130b as
depicted in Figures 6 to 9. The photodetectors 130 are operable to detect a
reflection (i.e., a reflected portion) of the light signal to provide a current signal.
When the apparatus 100 is worn on the wrist portion, the LED 110 emits the
light signal toward the wrist portion and the photodetectors 130a, 130b detect
the reflection of the light signal from the wrist portion.

The signal processing circuit is operable to process the current signal into a
PPG signal. More specifically, the signal processing circuit is configured to
provide a passband of 0.6 Hz to 8 Hz for filtering a voltage signal relating to the
current signal so as to provide the PPG signal.

The TIA 140, in this embodiment, is associated with the photodetectors 130a,
130b to form a detector sub-circuit 140A, and is operable to convert the current
signal provided by the photodetectors 130a, 130b into the voltage signal. Figure

7 shows a circuit diagram of the TIA 140 in association with the photodetectors
130a, 130b.
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The first LPF 150 is operable to filter (e.g., elimination or suppression)
frequency components of the voltage signal above a predetermined cut-off
frequency typically ranging from 100 Hz (6000 bpm) to 2000 Hz (120,000 bpm)
8o as to output a first filtered signal. In this embodiment, the cut-off frequency of
the first LPF 150 is 2000 Hz. The first LPF 150 is used for filtering high
frequency noise which keeps information pertaining to a toggling signal (range
between 80 to 100 Hz) before signal amplification. In other words, if an LPF with
a cut-off frequency of 8 Hz were used in place of the first LPF 150, the signal
processing circuit would be unable to respond to the toggling signal. After the
signal is amplified, it is then possible to obtain a proper PPG signal amplitude.
To this end, a 8 Hz LPF (discussed below) can be used to remove noise
components of exceeding 8 Hz in frequency in order to improve the SNR of the
resultant a PPG signal.

The voltage follower 160, as shown in the circuit diagram of Figure 8, is
operable to receive the first filtered signal provided by the first LPF150, and to
provide a first intermediate signal. The voltage follower 160 is configured to
ensure that its voltage output (i.e., the first intermediate signal) follows its input
voltage (i.e., the first filtered signal). This is achieved in the present embodiment
through the voltage follower 160 communicating with the TIA 140. The voltage
follower 160 includes a non-inverting unity operational ampilifier. The first LPF
150 and the voltage follower 160 may not be needed in some embodiments, as
shown in Figure 9. The first LPF 150 and the voltage follower 160 cooperate to
provide an active LPF 150A (see, for example, Figure 2).

The HPF 170 (e.g., a 1%t order active high pass filter) is operable to filter
frequency components of the first intermediate signal below a predetermined
cut-off frequency typically ranging from 0.6 Hz (36 bpm) to 0.8 Hz (48 bpm) so
as to provide a second filtered signal. In this embodiment, the cut-off frequency
of the HPF 170 is 0.6 Hz.
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Next, the amplifier 180 is operable to amplify the second filtered signal with a
gain value selected from 75 and 150 so as to provide a second intermediate

signal. The gain value may be otherwise in other embodiments.

The second LPF 190 (e.g., a passive low pass filter) is operable to filter
frequency components of the second intermediate signal below a
predetermined cut-off frequency typically ranging from 7.5 Hz (450 bpm) to 8 Hz
(480 bpm) s0 as to provide a third filtered signal. In this embodiment, the cut-off
frequency of the second LPF 190 is 8 Hz. The third filtered signal serves as the
PPG signal. The HPF 170 and the LPF 190 cooperate to provide the passband.

Figure 3 shows a system block diagram of a photoplethysmography apparatus
100’ for determining physiological changes according to another embodiment of
the present invention. Referring to Figure 10, the apparatus 100’ differs from the
apparatus 100 of Figure 1 in that the apparatus 100 further includes a sample-
and-hold switch 165 and another voltage follower 166. The sample-and-hold
switch 165 precedes the voltage follower 166 for reducing voltage fluctuation of
the LED 110 during the toggling operation of the LED 110. The voltage follower
166 may be considered to form part of the sample-and-hold switch 165. The
sample-and-hold switch 165 may be implemented in conjunction with or in place
of the analogue switch 120, depending on implementation. An output of the
circuit of Figure 8, marked as “Analog_Input®, is received by the circuit of Figure
10. Figure 4 illustrates an example flow of signal communication among the
components 110-190 of the apparatus 100'.

It should be noted that the apparatus 100, 100’ may include other voltage
followers or omit some or all of the voltage followers 160, 166. For example, in
embodiments without the sample-and-hold switch 165, the voltage follower 166
may be omitted. A skilled reader would understand that at least one voltage
follower may be employed by the apparatus 100, 100’ in any appropriate
manner for voltage maintenance without any amplification effect. As alluded to

above, the apparatus 100,100’ may not have a voltage follower.
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Figure 11(a) to 11(c) show line charts of amplitude versus time for a DC signal
during respective time periods. Figure 12(a) to 12(c) show line charts of
amplitude versus time for an AC signal during respective time periods. Figure
13 shows signal-to-noise ratios (SNRs) achieved using the photodetectors 130
in comparison with SNRs achieved using a conventional arrangement with a
single photodetector, with respect to three test subjects. It can be appreciated
that the use of the two photodetectors 130a, 130b results in a significant

improvement in SNR.

Figure 14 shows measurements of transient response obtained for the HPF 170
with the cut-off frequencies set to 0.3 Hz, 0.5 Hz, and 0.7 Hz, respectively. It
can be appreciated that DC and other lower frequency components can be
quickly removed with the cut-off frequency set to 0.7 Hz, achieving a quicker

response characteristic for the signal processing circuit (transient).

Figures 15(a) and 15(b) show time-domain measurements of the PPG signal
without and with the second LPF 190, respectively. Figures 16(a) and 16(b)
show frequency-domain (FFT) measurements of the PPG signal without and
with the second LPF 190, respectively. A skilled person would appreciate that
frequency components higher than 8 Hz and lower than 0.6 Hz, which may be
regarded as noise components, are effectively removed or suppressed by the
second LPF 190. Frequency components exceeding 8 Hz and subject to the
removal are marked in Figure 16(a) by a rectangular box. With the noise
components removed, the resultant PPG signal includes only frequency
components that are particularly relevant to addressing one or more of the

technical problems.

Other alternative arrangements are described below.
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The filters 150, 170, 190 may be replaced by a suitable filtering circuit
configured to provide a passband of 0.6 Hz to 8 Hz. The filter circuit may have
non-inverting and inverting operational amplifiers.

The term “provide” and its derivatives as used herein may mean “generate” and
its derivatives.
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Claims
1. A photoplethysmography (PPG) apparatus for determining physiological
changes, comprising:

a light source operable to emit a light signal towards a user skin, the light
signal having a variable intensity dependent on a skin characteristic of the user
skin;

first and second photodetectors operable to detect a reflection of the light
signal from the user skin to provide a combined current signal; and

a signal processing circuit operable to convert the current signal into a
PPG signal for determining the physiological changes.

2. The apparatus of claim 1, wherein the intensity of the light signal ranges
from 1900 MCD to 3000 MCD.

3. The apparatus of claim 1 or 2, wherein the light source is driven by a driving
current ranging from 13 mA to 20 mA to provide the light signal.

4. The apparatus of any one of the preceding claims, wherein the skin
characteristic is a skin colour.

5. The apparatus of any one of the preceding claims, further comprising a low
signal transistor associated with the light source.

6. The apparatus of any one of the preceding claims, wherein the light source is

operable to alternate between ON and OFF states to emit the light signal.

7. The apparatus of any one of the preceding claims, wherein the signal
processing circuit is configured to provide a passband of 0.6 Hz to 8 Hz for
filtering a voltage signal relating to the current signal so as to provide the PPG

signal.
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8. The apparatus of claim 7, wherein the signal processing circuit includes a
transimpedance amplifier operable to convert the current signal into the voltage

signal.

9. The apparatus of claim 7 or 8, wherein the signal processing circuit includes
a high-pass filter (HPF) and a low-pass filter (LPF) cooperating to provide the
passband.

10. The apparatus of claim 9, wherein the signal processing circuit further
includes another LPF with a cut-off frequency ranging from 100 Hz to 2000 Hz.

11. The apparatus of claim 10, wherein the signal processing circuit further

includes a voltage follower arranged between the HPF and one of the LPFs.

12. The apparatus of claim 10 or 11, wherein the signal processing circuit
further includes an amplifier arranged between the HPF and one of the LPFs.

13. A photoplethysmography (PPG) method for determining physiological
changes, comprising:

emitting, using a light source, a light signal towards a user skin, the light
signal having a variable intensity dependent on a skin characteristic of the user
skin;

detecting, using first and second photodetectors, a reflection of the light
signal from the user skin to provide a combined current signal; and

converting, using a signal processing circuit, the current signal into a

PPG signal for determining the physiological changes.

14. A photoplethysmography (PPG) monitoring apparatus, comprising:

a first signal processor configured to provide a command from a MCU
port to a digital-to-analog convertor to communicate with a light driver, at
least one light source configured to generate and emit a light signal towards a

user skin;
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a light detector unit having at least two photodetectors configured to
detect a reflection of the light signal from the user skin to provide a combined
current signal;

a second signal processor configured to convert the combined current
signal to a voltage signal;

the at least one light source having the light driver, the light driver
comprising a low signal transistor and the digital-to-analog convertor for
providing a current control from the light driver to the at least one light source;

and
a third signal processor configured to provide a cut-off frequency.

15. The apparatus of claim 14, further comprising at least one voltage follower
configured to communicate with the second signal processor to maintain a

voltage output level.

16. The apparatus of claim 15, wherein the at least one voltage follower
communicates with at least one gain ampilifier, wherein the at least one gain
amplifier further communicates with the third signal processor to amplify to a
desired gain.

17. The apparatus of claim 16, wherein the desired gain is 75 or 160.

18. The apparatus of claim 14, wherein the cut-off frequency is between 0.6 Hz
to 8.0 Hz.

19. The apparatus of claim 18, wherein the third signal processor is a band

pass filter.
20. The apparatus of claim 14, wherein the low signal transistor is a NPN.

21. The apparatus of claim 14, wherein the at least one light source is green

color.
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22. A photoplethysmography (PPG) monitoring method comprising:

generating a light signal towards a user skin by a light source unit;

detecting a reflection of the light signal from the user skin by at least two
photodetectors to provide a combined current signal, and

converting the current signal to a voltage signal, wherein an analog
signal of the voltage signal is processed to amplify and filter the analog signal.

23. The method of claim 22, further comprising maintaining a voltage output
level of the voltage signal with at least one voltage follower.

24. The method of claim 23, wherein the at least one voltage follower
communicates with at least one gain amplifier, amplifying a desired gain with

the at least one gain ampilifier.

25. The method of claim 22, further comprise converting the current signal to
the voltage signal based on a transimpedance amplifier.
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