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PHOTOPLETHYSMOGRAPHY

The present invention relates photoplethysmographyandin particular to a method and

apparatus for measuring pulserate, breathing rate and blood constituents in the human

or animal body.

The word plethysmography is a combination of the Greek words Plethysmos,

meaning increase, and graph, meaning write. A plethysmograph is an instrument,

method or apparatus used to measure the variations in blood volumein the body.
Photoplethysmography (hereinafter also referred to as 'PPG') refers to the use oflight
to measure these changes in volume, and therefore a photoplethysmograph is an

instrument, method or apparatus that uses light to perform these measurements.

Although the human or animal body is generally assumed to be opaqueto light, most

soft tissue will transmit and reflect both visible and near-infrared radiation.

Therefore,if light is projected onto an area of skin and the emergentlight is detected

after its interaction with the skin, blood andother tissue, time varying changes oflight

intensity having a relation with blood volume, knownas the plethysmogram, can be

observed. This time varying light intensity signal will depend on a number offactors

including the optical properties of the tissues and blood at the measurement site, and

the wavelength ofthe light source. The signal results because blood absorbs light and

the amount of light absorbed, and hence the intensity of remaining light detected,

varies in relation with the volume of blood illuminated. Variation in the

plethysmogram is caused by the variation in blood volumeflowingin thetissue.

This technique was introduced in 1937 by Hertzman. He wasthefirst to use the term

photoplethysmography and suggested that the resultant plethysmogram represented

volumetric changes of bloodin the skin's vessels.

The plethysmogram is usually described with respect to its AC and DC components.

The absorption of light by non-pulsatile blood, bone and tissue is assumed to be

constant and gives rise to the DC component. The DC componentrepresents the
volume of non-pulsatile blood below the sensor, plus light reflected and scattered off
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the skin, bone and other tissues. The AC component is caused by the time varying

absorption of light caused by temporal changes in blood volume below the sensor.

Changes in the blood volume can be caused by cardiovascular regulation, blood

pressure regulation, thermoregulation and respiration. Thus the plethysmogram can

be analysed to determine information on such parameters as pulse rate, breathing rate,

blood pressure, perfusion, cardiac stroke volume andrespiratory tidal volume. These

can be observed as periodic and non-periodic changes in the amplitude ofAC and DC

components in the plethysmogram. This has been described in more detail in Kamal

et al: ‘Skin Photoplethysmography — a review’, Computer Methods and Programs in

Biomedicine, 28 (1989) 257-269). The plethysmogram can also be analysed to

determine blood constituents. One such technique is pulse oximetry, which

determines the relative amount of oxygen in the blood. Other blood constituents can

also be measured by using photoplethysmography.

There are two modes of photoplethysmography, the transmission mode and the

reflection mode. In transmission modethelight source is on onesideofthetissue and

the photodetector is placed on the other side, opposite the light source. The use of

transmission modeis limited to areas where the tissue is thin enough to allow light to

propagate, for example the fingers, toes and earlobes ofa human subject.

In reflection mode the light source and photodetector are place side-by-side. Light

entering the tissueis reflected and a proportion ofthis is detected at the photodetector.

This source-detector configuration is more versatile and allows measurements to be

performed on almost any area of tissue. However, the use of reflectance mode is

much harder to design than transmission becausethe signal level is significantly lower

at the most effective wavelengths. Thus, considerable attention must be given to

maximising signal-to-noise ratio. As a result, the most common PPG sensors use

transmission mode and hence arerestricted to positions where light can pass through

tissue.

As a photodetector is used to measure light from the source, the photoplethysmograph

can also respond to interfering signals from other sources of light, for example
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fluorescent lighting and computer monitors. The sensor must also respond to changes

in the light propagating throughtissue, i.e. the plethysmogram. These physiological

changes contain frequency components between DC and 25 Hz. However, it is

desirable for the sensor not to respond to ambient light noise. Accordingly, the

photoplethysmograph should reject ambient light noise while detecting the

plethysmogram in the bandwidth of interest.

A second source of interferenceis other electrical apparatus. Other electrical devices

can generate radio frequency signals that a photoplethysmograph can detect. It is

desirable to minimise the sensitivity of the system to interfering sources ofthis nature.

A third source of interference is the electrical noise generated by the

photoplethysmograph itself. Such noise can be generated by electronic components,

and can include thermal noise, flicker noise, shot noise, as well as noise spikes, for

example, harmonics generated by missing codes in an analogue-to-digital converter.

It is also desirable to minimise the sensitivity of the system to interference from these

sources.

A known technique for reducing the noise generated by these three sources of
interference is to drive the sensor's light source with a carrier modulated at a

frequency that is not present, or dominant, in the ambient light, electrical radio

frequency signals, or photoplethysmograph system noise. This can be done by

modulating the sensor’s light source with a square wave, by pulsing it on and off. The

detected signals are then band pass filtered to attenuate interference outside the

frequency range of interest. Subsequent demodulation will recover the

plethysmogram. In general, any periodic signal such as a sine wave may be used to

modulate the light source.

Though modulated light photoplethysmography exists in the prior art, there arestill

critical limitations in how it has been applied, especially in terms of suitable signal

conditioning circuits for attenuating or removing noise, and demodulation. For

example, EP0335357, EP0314324, WO0144780 and WO09846125 disclose modulated

light photoplethysmography. However, they use a demodulation method. and
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apparatus that requires the modulating and demodulating carrier phase to be

synchronised. Error in the synchronisation timing will add noise to the demodulated

signal (timing jitter or phase noise). The prior art also fails to make full use of band

pass filter characteristics to remove ambient interfering light, by still relying on a

separate channel to measure ambient light, and later subtracting it from the signal,

which adds further complexity and is arguably less efficient at attenuating

interference. These limitations reduce immunity to broadband and narrowband noise

from sources such as fluorescent lighting, computer monitors, sunlight, incandescent

light, electrical RF interference, thermal noise, flicker noise, and shot noise.

A further limitation in the prior art is the choice of wavelength for reflectance mode

sensors. Both reflection mode and transmission modesensors uselight sources in the

red and/or infrared part of the spectrum, wavelengths between 600nm and 1000nm

being typical. However, red / infrared reflectance sensors do not function well

because light at red and infrared wavelengths is poorly absorbed by blood. This

results in low modulation ofthe reflected signal and therefore a small AC component.

Therefore red / infrared reflectance probes give poor results when compared to

transmittance probes. It has been shown in Weija Cui et al: “In Vivo Reflectance of

Blood and Tissue as a Function of Light Wavelength”, IEEE Transactions on

Biomedical Engineering, Volume 37, No 6, June 1996), that a larger plethysmogram

AC component amplitude can be recorded if a reflectance mode sensor uses light of

wavelengths between 500nm and 600nm (green light).

A continuous non-modulated green light photoplethysmograph was described in WO

9822018A1. However, the objective of this invention was reflectance pulse oximetry,

and the patent does not explain the steps necessary to produce a reliable

photoplethysmograph suitable for measuring the plethysmogram AC and DC

component. Such a green light sensor would be necessary to reliably detect the AC

component, for example heart rate, but moreover the breathing signal, which is

extremely small and was not detected by this system.

In Bentenet al: “Integrated synchronous receiver channelfor optical instrumentation

applications” Proceedings of SPIE - The International Society for Optical
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Engineering, Volume 3100, 75-88, 1997), a modulated light reflectance

photoplethysmograph is described that uses a switching multiplier to systematically

change the gain of the signal path between +1 and ~1. This is the equivalent of

mixing the modulated signal with a square wave. to recover the plethysmogram.

However, similar to the other prior art described previously, this method needs the

modulating carrier and demodulating local oscillator signals to be in-phase.

It is an object ofthe present invention to provide an improved plethysmograph.

According to one aspect, the present invention provides a photoplethysmograph

device comprising:

a light source for illuminating a target object;

a modulator for driving the light source such that the output intensity varies as

a function of a modulation signal at a modulation frequency;

a detector for receiving light from the target object and generating an electrical

output as a function of the intensity of received light;

a demodulator for receiving the detector output, having a local oscillator and

producing a demodulated output representative of the modulation signal and any

sidebands thereof, in which the demodulator is insensitive to any phase difference

between the modulation signal and the oscillator of the demodulator; and

means for generating, from the demodulated output, a signal indicative of

blood volumeas a function oftime and / or blood composition.

According to another aspect, the present invention provides a method of generating a

plethysmogram, comprising the steps of:

illuminating a target object with a light source;

driving the light source with a modulator such that the output intensity varies

as a function of a modulation signal at a modulation frequency;

receiving light from the target object with a detector and generating an

electrical output as a function ofthe intensity of received light;

receiving the detector output in a demodulator having a local oscillator and

producing a demodulated output representative of the modulation signal and any
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sidebands thereof, in which the demodulator is insensitive to any phase difference

between the modulation signal andthe oscillator of the demodulator; and

generating, from the demodulated output, a signal indicative of blood volume

as a function of time and / or blood composition.

According to another aspect, the present invention provides a photoplethysmograph

device comprising:

one or morelight sources each for illuminating a portion of a target object;

one or more modulators for driving the light sources such that the output

intensity of each light source varies as a function of a modulation signal at a

modulation frequency;

one or moredetectors for receiving light from the wangeee object and generating
one or moreelectrical outputs as a function of the intensity of received light;

a plurality of demodulators each for receiving one or more ofthe electrical

outputs and producing a demodulated output representative of the modulation signal

of one of the modulated light sources and any sidebandsthereof, to thereby produce a

plurality of demodulated outputs correspondingto the plurality of light sources and/or

plurality of detectors; and

means for generating, from the demodulated outputs, plethysmogram signals

indicative of blood volume as a function of time and / or blood composition for each

ofthe demodulator outputs.

According to another aspect, the present invention provides a method of generating a

plethysmogram, comprising the stepsof:

illuminating a portion ofa target object with one or morelight sources;

driving the light sources with one or more modulators such that the output

intensity of each light source varies as a function of a modulation signal at a

modulation frequency;

receiving light from the target object with one or more detectors and

generating one or more electrical outputs as a function of the intensity of received

light;

receiving one or more of the electrical outputs with a plurality of

demodulators, each producing a demodulated output representative of the modulation
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signal of one of the modulated light sources and any sidebands thereof, to thereby

produce a plurality of demodulated outputs corresponding to the plurality of light

sources; and

generating, from the demodulated outputs, plethysmogram signals indicative

of blood volume as a function of time and / or blood composition for each of the

demodulator outputs of the pixel array.

According to another aspect, the present invention provides a photoplethysmograph

device for non-contact use, comprising:

a light source for illuminating a target object via a first polarising filter;

a modulator for driving the light source such that the output intensity varies as

a function of a modulation signal at a modulation frequency;

a detector for receiving light from the target object via a second polarising

filter having a different polarisation state than the first polarising filter, the detector

adapted to generate an electrical output as a function ofthe intensity ofreceived light;

a demodulator for receiving the detector output and producing a demodulated

output representative of the modulation signal and any sidebands thereof; and

means for generating, from the demodulated output, a signal indicative of

blood volumeas a function of time and / or blood composition.

According to another aspect, the present invention provides a method of generating a

photoplethysmogram, comprising the steps of:

illuminating a target object with a light source viaa first polarisingfilter;

driving the light source with a modulator such that the output intensity varies

as a function of a modulation signal at a modulation frequency;

receiving light from the target object with a detector via a second polarising

filter having a different polarisation state than the first polarising filter, the detector

generating an electrical output as a function of the intensity of received light;

receiving the detector output with a demodulator and producing a demodulated

output representative of the modulation signal and any sidebands thereof; and

generating, from the demodulated output, a signal indicative of blood volume

as a function of time and / or blood composition.
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According to another aspect, the present invention provides a photoplethysmograph

device for non-contact use, comprising:

a light source for illuminating a target object with optical radiation of

wavelength less than 600 nm;

a modulatorfor driving the light source such that the output intensity varies as

a function of a modulation signal at a modulation frequency;

a detector for receiving light from the target object and adapted to generate an

electrical output as a function of the intensity of received light, the light source and

detector being disposed laterally adjacent to one another on a substrate such that the

active surfaces thereof can be directed towards substantially the same point on a

surface ofthe target body;

a demodulatorfor receiving the detector output and producing a demodulated

output representative of the modulation signal and any sidebandsthereof; and

means for generating, from the demodulated output, a signal indicative of

blood volumeas a function of time and / or blood composition.

According to another aspect, the present invention provides a method of generating a

photoplethysmogram, comprisingthestepsof:

illuminating a target object with optical radiation of wavelength less than 600

nm from a light source;

driving the light source with a modulator such that the output intensity varies

as a function of a modulation signal at a modulation frequency;

receiving light from the target object with a detector to generate an electrical

output as a function of the intensity of received light, the light source and detector

being disposed laterally adjacent to one another on a substrate such that the active

surfaces thereof can be directed towards substantially the same point on a surface of

the target body;

receiving the detector output with a demodulator and producing a demodulated

output representative ofthe modulation signal and any sidebands thereof; and

generating, from the demodulated output, a signal indicative of blood volume

as a function of time and / or blood composition.
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The invention provides a modulated light photoplethysmograph device. In selected

embodiments, it combines the features of modulated light, band passfiltering, and IQ

demodulation to give a plethysmogram ofperfuse tissue. When used in reflectance

mode, light in the blue and/or green portion of the optical spectrum is used which

gives a largerpulsatile signal and improved signal to noiseratio.

Selected embodiments of the invention provide improved reliability through the

reduction of noise when the photoplethysmograph device is used in transmission

mode. In addition, the choice of light in the blue / green portion of the optical

spectrum (i.e. wavelengths ofbetween 400 nm and 600nm) gives improved reliability

through the reduction of noise and the increase in AC component signal amplitude,

when the photoplethysmograph deviceis used in reflection mode.

Selected embodiments can be applied to different photoplethysmography techniques

including single wavelength photoplethysmography, multiple wavelength

photoplethysmography, pixel array photoplethysmography, and non-contact

photoplethysmography.

Embodiments of the present invention will now be described by way of example and

with reference to the accompanying drawings in which:

Figure 1 is a functional block diagram of a single wavelength

photoplethysmograph device;

Figure 2 is a functional block diagram of a demodulator suitable for use in the

photoplethysmograph device of figure 1;

Figure 3 is a functional block diagram of a multiple wavelength

photoplethysmograph device;

Figure 4 is a schematic plan view of a pixel array photoplethysmograph

device;

Figure 5a is a schematic side view of a non-contact photoplethysmograph

device with polarising filters;

Figure 5b is a plan view ofa polarising filter for use with the reflectance mode

photoplethysmograph device offigure 7;
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Figure 6 is a functional block diagram of a single wavelength

photoplethysmograph device;

Figure 7 is a schematic plan view, side view and end view of a reflectance

mode photoplethysmograph device;

Figure 8 is a circuit diagram of a transimpedance amplifier suitable for use in

the photoplethysmograph devices described herein;

Figure 9 is a circuit diagram of a band passfilter circuit suitable for use in the

photoplethysmograph devices described herein;

Figure 10 is a circuit diagram ofa light source driver circuit suitable for use in

the photoplethysmograph devices described herein;

Figure 11 is a process flow diagram illustrating a demodulation algorithm

suitable for use in the photoplethysmograph devices described herein;

Figure 12 is a functional block diagram of a light source brightness control

loop suitable for use in the photoplethysmograph devices described herein;

Figure 13a is a photoplethysmogram showing a combined AC and DC output

of a photoplethysmograph device;

Figure 13b is a photoplethysmogram showing the magnified AC component

from figure 13a;

Figure 14a is a photoplethysmogram showing combined pulsatile and

breathing signal;

Figure 14b is a photoplethysmogram showing the breathing signal of figure

14a only;

Figure 15a is a photoplethysmogram showinga breathing signal only;

Figure 15b is a corresponding breathing signal as measured by an oral
thermistor;

Figure 16 is a photoplethysmogram recorded using a green light source of

wavelength 510 nm;

Figure 17 is a photoplethysmogram recorded using a red light source of

wavelength 644 nm;

Figure 18 is a functional block diagram of an alternative demodulator suitable

for use in the photoplethysmograph device of figure 1;

Figure 19 is a functional block diagram of an alternative demodulator- suitable

for use in the photoplethysmograph device offigure 1;
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Figure 20 is a functional block diagram of an alternative demodulator suitable

for use in the photoplethysmograph device of figure 1.

Single wavelength photoplethysmograph device

With reference to figure 1, a photoplethysmograph device 100 comprises a driver

circuit 101 which is coupled to energise a light source 102 with modulated drive
signal such that the output intensity of the light source varies as a function of a

modulation signal having a specific modulation frequency (fn) and modulation

amplitude (M1(t)). The waveform driving the light source is therefore a modulating

carrier characterised by its frequency and amplitude.

The light source 102 is configured to illuminate a target object 103 such as an area of

tissue of the human or animal body. Thelight source 102 preferably comprises one or

morelight emitting devices each ofa given wavelength or range of wavelengths.

A photodetector 104 is configured to receive light from the target object 103 after its

interaction therewith. Depending on the relative positioning of the light source 102,

the target object 103 and the photodetector 104, this received light may be one or

more oflight that has been transmitted through the target object, light that has been

reflected from the surface of the target object, and light that has been scattered by and

/ or reflected from structures or fluids within the target object. The photodetector will

generate an electrical current that is a function of, e.g. proportional to, the amount of

light incidentto its active area.

A detector 105 may be provided to convert the electrical current from the

photodetector 104 to a voltage that is proportional to the current. The detector 105

may incorporate an amplifier (not shown). The gain of that amplifier can be rolled off

at a frequencygreater than the modulation frequency. The detector 105 and amplifier

can, with careful design, minimise the noise at the input to a band passfilter 106

coupled thereto. In a general sense, the photodetector 104 and detector 105 functions

may be provided by any detector capable of receiving light from the target object and
generating an electrical output that is a function of the intensity ofthe receivedlight.
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The bandpassfilter 106 may be provided for attenuating signals outside a bandwidth
of interest. Thefilter bandwidth is preferably centred on the modulation frequency fn

and is sufficiently wide to pass the modulating carrier and sidebands caused by

plethysmogram amplitude modulation, but narrow enough to attenuate frequency
componentsof interference and noise. To reduce noise, the bandwidth of the band
passfilter 106 should be as narrow as possible. It need only be wide enough to pass
the upper and lower sidebands of the plethysmogram, typically but not limited to 50
Hz. The band passfilter 106 may incorporate an amplifier (not shown) to provide
additional gain. The band pass filter 106 and amplifier are preferably designed to
minimisenoise at the input of the following stage, namely a demodulator 107. It will

be appreciated that the provision of a band passfilter 106 is not always necessary but,
if employed, an increase in signal-to-noise ratio (SNR) may result.

A preferred arrangement of demodulator 107 is shown in moredetail in figure 2. The
demodulator 107 is adapted to demodulate the output of the band passfilter 106 and

hence recover a plethysmogram from the detected light received from the target

object. The preferred demodulator 107 uses a methodthat is insensitive to the phase
difference between the modulation carrier and a demodulation carrier. In other words,

the demodulator is insensitive to any phase difference between the modulation signal

and an oscillator in the demodulator, as will be explained later. Thus, it is

unnecessary to maintain a predetermined phaserelationship between the modulation

and demodulation process.

The demodulator 107 may comprise a multiplexer 210 for splitting the modulated

signal M1(t) into two channels. A first channel processes a first modulated input

signal M1(t)a and a second channel processes a second modulated input signal
Mi(t)b. The first modulated input signal M1(t)a is provided as input to a first
multiplier 201 together with an output of a first demodulator local oscillator (LO)
signal 204, D1(t). ‘The frequency of the local oscillator signal 204 is preferably
substantially equal to the frequency of the modulation signal and therefore equal to

the modulating carrier frequency of input signal Ml(t). The result of the

multiplication of M1(t)a with the first LO signal 204 is an I (‘in phase’) signal. In the
second channel, the second modulated input signal is multiplied, using a multiplier
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206, with a second demodulator local oscillator (LO) signal that also has a frequency

preferably substantially equal to the frequency of the modulation signal. However,
the second demodulator LO signal is phase shifted by phase shifter 205 with respect

to the first demodulator LO signal. The phase difference between the first

demodulator LO and second demodulator LO is preferably 90 degrees. Theresult of

the multiplication of M1(t)b with the second demodulator LO signal is the Q

(‘quadrature phase’) signal. It will be understood that the local oscillator, although

shown as a producing a sine wave output, could produce other waveforms of the

required frequency.

The separate I and Q signals are preferably separately low pass filtered in filter

elements 202 and 207 respectively to remove unwanted harmonics and products of the

multiplication process. Optionally, the resulting signals may be decimated in

decimators 203 and 208 respectively to reduce the sample rate. Theresults of this are

the I’ and Q’signals.

The I’ and Q’ signals can be demultiplexed back into one signal at mixer 209 to

provide the demodulated plethysmogram S1(t). The demultixplexing process can

include an algorithm or circuit that determines the square root of the sum of the

squaresofthe I’ and Q’signals.

The demodulator arrangement of figure 2 can be modified whilestill providing a

demodulator thatis insensitive to any phase difference between the modulation signal

and the oscillator in the demodulator. Figures 18 to 20 show alternative arrangements

each providing two channels in which,in the first channel the detector output is mixed

with a local oscillator havingafirst phase relationship with the detector output and in

the second channel the detector output is mixed with a local oscillator having a second

phase relationship with the detector output. As in figure 2, the first and second phase

relationships are preferably 90 degrees apart.

From inspection of the figures, it will be seen that this can be achieved by using a

commonlocal oscillator 204, 1804, 1904, 2004 that feeds the two channels with a

different relative phase shift element 205, 1905a, 1905b, 2005 (figures 2, 19 and 20)
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or by using a common local oscillator but a phase delay element 1805 (figure 18)

provided in one or both channels to delay one or both of the signals M1(t)a and
Ml(t)b and thereby create a relative phase shift between them. Figures 20 also
illustrates that the filtering otherwise carried out by elements 202, 207 (or 1802, 1807,

1902, 1907) can alternatively be carried out after the mixer 209, 1809, 1909, 2009 by
a filter 2002. Similarly, decimation can also be carried out after the mixer 209, 1809,

1909, 2009.

A means ofdetecting and attenuating harmonically related narrow band noise may be

provided. This means can be adaptive so that changesin interference characteristics
can be detected andfiltering (or other means ofrejection) adapted to maintain signal-

to-noise ratio.

A means of closed loop control can be provided to maintain the light source 102 at a

brightness sufficient to detect the plethysmogram. A functional block diagram of this
control loop 1200 is shown in figure 12. Similar elements to that shownin figure 1
are given corresponding reference numerals. The amplitude of the detected, band

pass filtered, modulation carrier D-BPF-M1(t) can be measured and processed by a
signal conditioning circuit 1201 in the feedback path, then compared with a reference
value or range of values in comparator 1202. An error signal can then be generated
and processed by a signal conditioning circuit or algorithm 1203 in the forward path.
Byusingthis technique, the amplitude of the waveform generated by the driver circuit
can be adjusted to ensure the detected carrier amplitudefalls within the given range,
or near the reference. This will ensure, for example, that if too muchlight is received

from the target object, the detector does notsaturate, orif toolittle lightis received
from the target object 103, the plethysmogram does not go undetected. Thus, in a
general aspect, the feedback control loop 1200 provides an example of a means for
maintaining the outputintensity of the light source 102 as a function of the detector

output and at a level adequate to maintain detection of a plethysmogram from the

demodulated output $1(t).

Multiple wavelength photoplethysmography
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Figure 3 illustrates a photoplethysmograph device 300 that includes two or morelight

sources 302, 304 for emitting light at two or more different wavelengths into the

target object (e.g. a tissue under test). An optical detector 306 is adapted to detect the

light received from the target object, e.g. transmitted through the target object when

the photoplethysmograph device is in transmission modeor reflected from the target

object when the photoplethysmograph device is used in reflection mode. Driver

circuits 301, 303 respectively are provided to energise the light sources 302, 304 each

with a modulated drive signal having a modulation at a selected frequency and

amplitude M1(t) and M2(t). Only two drivers and light sources are illustrated butit

will be understood that generally a plurality of drivers and light sources can be used.

Each light source can consist of one or more optical emitters that emit light at a single,

given wavelength or range of wavelengths. The waveform of each light source can

have a frequency different from those used to energise the other light sources. This

waveform is the modulating carrier and is characterised by its frequency and

amplitude. Each light source can optionally have a separate associated driver circuit.

Each light sourcecan optionally have a different wavelength.

A photodetector 306 is provided to detect light after its interaction with the target

object 305 (e.g. tissue of a human or animal body). The photodetector 306 will

generate a current proportional to the amount of light incidentto its active area.

A detector 307 maybe providedto convert the current from the photodetector 306 to a

voltage that is proportional to the current. The detector 307 can incorporate an

amplifier (not shown). The gain of that amplifier can be rolled-off at a frequency

greater than the highest modulation frequency. The detector and amplifier can, with

careful design, minimise the noise at the input to a band passfilter 308 and hence

maximise the signal-to-noise ratio.

The bandpassfilter 308 may be provided for attenuating signals outside a bandwidth

of interest. Thefilter bandwidth is preferably chosen sothat the filter’s lowerroll-off

is below the lowest modulating carrier frequency and the filter’s upperroll-off is

above the highest modulating carrier frequency. The bandwidth between the highest

and lowest modulating carrier frequencies andthe filter roll-off should be sufficiently
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wide to pass the modulating carrier and sidebands caused by plethysmogram

amplitude modulation, but narrow enough to attenuate frequency components of
interference and noise. To reduce noise the filter bandwidth should be as narrow as

possible. It need only have sufficient range to pass the upper sidebandof the highest
modulation carrier and the lowersideband of the lowest modulation carrier. Typically

25 Hz above the highest modulating carrier frequency to 25 Hz below the lowest

modulating carrier frequency is adequate. The band pass filter can incorporate an

amplifier (not shown), which would provide additional gain. The band pass filter and
amplifier can be designed to minimise noise at the input of the following stage.
Filters can be included that provide a frequency response with a null or large

attenuation at multiples of a fundamental frequency, for example a comb or moving

average filter. These filters can be designed to attenuate the fundamental and

harmonics ofan interfering source.

Multiple demodulators 309 and 310 are provided for demodulating the output of the

band passfilter to recover the plethysmogram at each modulating carrier frequency or
at each wavelength of light. Preferably, the demodulators use a method of

demodulation that is insensitive to the phase difference between each the modulating

carrier and demodulating local oscillator, such as that described in connection with

figure 2. Therefore, as previously stated, it is unnecessary to maintain a

predetermined phaserelationship between the modulation and demodulation process.

In this case, each demodulator will have a local oscillator D1(t) and D2(t) that

preferably have the same frequency as the corresponding modulating carrier Mi(t)

and M2(t) respectively.

The output of this multiple wavelength photoplethysmograph device is multiple

plethysmograms $1(t) and S$2(t). Each is the plethysmogram for a given wavelength

oflight used to test the tissue. It will be understood that though the multi wavelength

photoplethysmograph has been described with an example of two wavelengths, one
wavelength provided by light source 302 and the second wavelength provided bylight
source 303, the invention can be modified to use more than two wavelengths by

adding additional drivers, light sources and demodulators. These modulated multiple
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wavelengths notonly allow selection of optical wavelengths for optimum SNR for the
detection of pulse and breathing rate but also allow ratiometric measurements to be
carried out to determine blood constituents. Thus, in a general aspect, the

photoplethysmograph device may provide a means for automatically selecting one of
the demodulated outputs $1(t), S2(t) that provides the best SNR for the data to be

extracted from the plethysmogram.

Asdescribed abovein connection with figure 12, closed loop control can also be used

to maintain each light source at a given brightness.

Pixel array photoplethysmography

A combination of photodetector, detector, band pass filter and demodulator may be

used to form one pixel of amulti-pixel photoplethysmograph imaging apparatus.

Such an array can be produced as a microchip with the pixel and analogue or digital

signal processing performed on chip.

Figure 4 shows a schematic plan view of a small (4 x 4) pixel array

photoplethysmograph device 400, comprising sixteen pixels 401. It will be
understoodthat the array can be considerably larger than this if required.

Each pixel 401 preferably comprises a photodetector, detector circuit, band passfilter,
and demodulator. Such an apparatus provides sixteen simultaneous (parallel)

plethysmograms, detected by light from tissue illuminating each pixel in the array.
The array does not have to be square. For example, the array could comprise 4 x 16

pixels, or 1 x 256 pixels etc. Each pixel may respondto light from a common light
source modulated with a common modulation frequency. Alternatively, each pixel

could correspond to a respective independently driven light source, so that different

modulation frequencies could be used for each pixel. Alternatively, each pixel could

correspond to a respective light source with all light sources being driven using a

common modulationsignal.

An array of detectors opens up a whole new dimension ofsignal processing by using

several parallel channels of the aforementioned processing. The pixel array enables
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the production of a spatial map ofblood parameters(e.g. pulse rate, breathing rate and

blood constituents) from the target object. Multiple channels may be processed in
parallel thereby allowing an arbitration scheme to be employedto select the optimum

SNR. Further the multiple channels can be processed by independent component

analysis, principal component analysis or blind source separation for example, to

extract the fundamental signal when buried within noise andother interfering signals.

It is thereby possible to produce robust pulse and breathing rate measurements and

spatial blood constituent measurements when more than one wavelength is used.

Independent componentanalysis etc can also be used to reduce movementartefacts.

Movementartefact is often a serious problem for photoplethysmograph systems: the

problem and other methods of reduction have been described by Smith and Hayes

(Matthew J. Hayes and Peter R. Smith, “Artifact reduction in

photoplethysmography”’. Applied Optics, Vol. 37, No. 31, November 1998).

A signal processing means implemented on- or off-chip in an analogue or digital

domain that analyses the plethysmogram from each pixel may be implemented to

extract the breathing rate, pulse rate, blood constituents etc. In general both pre- and

post-processing can be performed for each pixel thereby allowing full field, spatial

signal processing algorithmsto be used.

Non-contactphotoplethysmography

The single wavelength photoplethysmograph devices, multiple wavelength

photoplethysmograph devices, and pixel array photoplethysmograph devices

described above can each be used in a non-contact reflection mode.

In photoplethysmography the photodetector 104 is in contact with the target object,

e.g. the tissue surface. A large proportion ofthe light from the source 102 is reflected

from the tissue surface, but because the photodetector 104 is in contact with the tissue,

this surface reflected light is not detected. A small proportion of light penetrates and

interacts with the tissue, and then emerges incident to the photodetector, whereit is

detected, amplified and processed, whichgives rise to the plethysmogram signal.
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In non-contact photoplethysmography the photodetector 104 is not in contact with the
tissue. This results in detection of the greater proportion oflight reflected at the tissue

surface as well as light that has penetrated the tissue. The detected signal. now

comprises a much larger DC offset caused by the reflected light, onto which is
superimposed a much smaller plethysmogram signal. The light reflected from the
tissue surface has not interacted with blood and hence contains no information useful

to the plethysmogram.

It will be appreciated that the DC offset caused bytissue surface reflections will
reduce the dynamic range of the photoplethysmograph. Therefore it is of benefit to

filter out reflected light when using a non-contact photoplethysmograph. This can be

doneby using a polarising filter.

A polarising filter selectively polarises or filters light polarised along a given axis.

This polarity is retained when lightis reflected but lost when lightis scattered. If the

light incident on the tissue is polarised, the light reflected at the surface retains this

polarity and can be attenuated bya filter orientated with its polarity at 90 degrees to

that of the incident light. However, light that penetrates the tissue and is scattered by

the blood and other medialoses its polarity and hence passes through the horizontal

polarisingfilter, and is detected by the photodetector.

With referenceto figure 5,a first polarisingfilter 504 polarises light from a modulated

light source 501 along a given polarisation axis P1. The polarised light is directed

towards the target object 503, from which a proportion of the light is reflected from

the surface and scattered from within the target object.

A secondpolarisingfilter 505 is disposed in front ofthe detector 502 that receives the

light from the target object. The secondpolarising filter has a polarisation axis P2 and

attenuates polarised light incident to the photodetector. The attenuation is at its

greatest when the polarisation axis P2 of the second polarising filter 505 is at 90

degrees (orthogonal) to the axis of the polarised light. Thus, the first and second

polarising filters 504, 505 are preferably arranged so that their respective polarisation

axes P1, P2 are orthogonal to one another. In this way, the light reflected from the
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surface that retainsits polarisation is substantially or completely attenuated, while the

light that has been scattered from media within the target object and has lost its
polarisation state has significantly reduced attenuation.

The devices described above can provide significant attenuation of narrow band
interference that result from sources of ambient light (such as those produced by

fluorescent lamps, computer monitors and incandescentlight bulbs), electromagnetic
interference, and noise spikes intrinsic to the apparatus and method of
plethysmography, for example harmonics generated in analogue-to-digital converters.
The modulation and demodulation frequencies may be selected to avoid harmonics of

these interferences and, in conjunction with filtering, to attenuate broadband noise

intrinsic to the device including white noise, flicker noise and shot noise.

In the arrangement of figure 2, it is not necessary to know or maintain the phase
relationship between the modulating carrier and demodulating local oscillator,
because the demodulation process is insensitive to the phase difference between the

two. It is therefore not necessary to calibrate for or consider any constant phase delay

in the detected signal caused by the signal conditioning circuitry or the propagation of

light in tissue.

It will also be appreciated that the technical features can be embodied in various

forms. For example,the drivercircuit, light source, photodetector, detector, band pass
filter and demodulation process can be implemented, where appropriate, as a digital

signal processing algorithm, a custom analogue integrated circuit, discrete analogue
electronic components or as a combination of analogue and digital signal processing
functions.

A further modification would be to sample the output of the detector circuit and

implement band pass filter, demodulator and signal processing on a digital signal
processor or microprocessoras part of a signal processing algorithm.
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A further modification would be to implement the photodetector, detector, band pass

filter, demodulator and signal processor on a microchip as a VLSI mixed signal

design.

Variants and noise management

A combination of someorall of each of these features can beutilised to produce the

desired system such that the signal can be separated from the noise. However, careful
design should be made at the delivery of the light source and the collection of the
received light signal. For example the magnitude of the photoplethysmogram current

detected in the total photocurrentis quite small and hencea poorly designed front end
can result in a distorted or submerged signal in amongst the noise. The delivery of a

pulsed voltage to the light source should be made bycabling thatis shielded and does
not run alongside the receiving photodiode connections. If this occurs then a

displacementcurrent may be induced in the photodetector equal to I = CdV/dt.

Depending upon the magnitude of the light source power, the detector size and the
rate of change of voltage will establish the maximum value of the coupling

capacitance allowed. It is good design practice to ensure that the induced
displacementcurrentis limited to no more than typically 1% of the detected current.

Other design criteria may be as follows:

a) Theinput bias current should beless than ~1% of the DC light level detected.
b) The voltage and current noise should beless than the shot noise set by the DC

light level detected.

c) The choice of a transimpedance amplifier should be made such that its 1/f
corner frequencyis less than the modulating carrier frequency.

d) Thecarrier rise and fall time can be slewed to reduce the coupling.

e) Good PCB design practice can be observed to avoid the coupling of signals
from high power noisy componentsto a sensitive sensor front end, particularly
a transimpedance amplifier. Multilayer PCBs can be used to keep power

supplies-and groundreturnsas short as possible and therefore minimise ground
bounceandother forms of noise coupling. Multilayer PCB design can be used
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for a reflectance probe to reduce the coupling of displacement currents from

the light source voltage pulse to the receiving photo diode connection.

There now follows an example configuration. However, it should be notedthat this is

not the only configuration as combinations of someorall of these features can lead to

a beneficial design.

Example

Figure 6 is a functional block diagram illustrating the architecture of a preferred

plethysmography device 600 including a driver circuit 601 for driving a light source

602 with a modulated carrier signal such that the output intensity varies as a function

of the modulation signal at a modulation frequency. The light source illuminates a

target object 603 and light returned from the target object is received by photodetector

604 to generate an electrical signal as a function of the intensity of received light.

Detector 605 converts the electrical current output of photodetector 604 to a voltage

signal. This is filtered by bandpass filter 606 and converted to a digital signal in

analogue to digital converter 607. A demodulator 608 (which may be of the type

described in connection with figure 2) has a local oscillator signal D1(t) which is

preferably substantially the same frequency as the modulation signal M1(t) of driver

circuit 601. A block averagefilter 609 is used to produce an output plethysmogram

S1(t).

Figure 7 illustrates a reflectance probe 700 providing the light source and

photodetectors for the apparatus of figure 6. The reflectance probe 700 comprises

four light emitting devices 702 for emitting modulated light signals of a single

wavelength, in order to illuminate the tissue under test. A photodiode 704, which

could be an array of detectors, has a given active area 703 whichis used to detect the

light reflected back from the tissue under test. A suitable polarising filter element 510

incorporating first and second crossed polarisingfilter elements 511 and 512 is shown

in figure 5b. When the probe is used in non-contact mode,this element 510 is placed

over the top of light emitting devices 702 and photodiode 704. In a general aspect,

this arrangement provides active surfaces of a light source and detector directed

towards substantially the same point on a surface ofa target body.
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The light emitting devices are preferably light emitting diodes (LEDs) with a peak

spectral response between 400 nm and 600 nm, Generally, the wavelength is selected
based on the optical characteristics of the tissue under investigation. This exemplary
photoplethysmograph device 700 is particularly suited to the measurement of heart
rate and breathing rate in humans, therefore the wavelengths are selected based on the

optical properties of human tissue and blood which exhibit strong absorption
characteristics between 400 nm and 600 nm. Studies were mainly carried out at the

absorption spectrum between 500 nm and 600 nm. However a strong absorption
spectrum also exists at 440 nm anda device operating around this wavelength would
also produce favourable results. More specifically, there are three versions of the

reflectance probe: one with LEDs that have a peak spectral response of 512 nm; one

with LEDs that have a peak spectral response of 562 nm; one with LEDs that have a

peak spectral response of 574 nm. These are the preferred wavelengths because they
are commercially available and economical however others can be used if supply and

economics permit. The range of wavelengths between 500 nm and 600 nm is

particularly preferred since, although the signal may improve below 500 nm, the
penetration depth ofthe light decreases which may, in some circumstances, result in

insufficient light reaching the pulsatile blood in the skin's arterioles.

The LEDs and photodiode are mounted side by side on four-layer printed circuit
board (PCB). The use of screened power and signal cables and multi-layer PCB
design improves immunity to noise pickup andelectrical cross talk. The height of the
photodiode package is preferably greater than that of the LEDs to reduce direct

coupling of light onto the active area (optical crosstalk). The lateral separation
between the LEDs 702 and photodiode active area 703 increases the path length that

the light must travel through the tissue which improvesthesignal.

Thelight source is excited at a given frequency and amplitude by a modulating carrier
from the driver circuit 601. The driver circuit 601 is a digital-to-analogue converter

implemented using a current summing amplifier as shownin figure 10, An 8-bit DAC

input signal is generated by a microcontroller and presents 255 discrete amplitude
levels via resistors 1001. The carrier frequency is determined by the rate at which the
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input signal is clocked. The output signal M(t) is a square wave of a given carrier
frequency with an amplitude that can be varied between 0 volts and the full-scale
output range of the op amp 1002. The closed loop voltage gain of the op amp 1002 is
set by the inverting feedback fraction of resistors 1003 and 1004. This can be
adjusted so that a digital input of 255 gives a full-scale analogue output.

Light incident to the photodiode 604 may be passed throughavisible light optical
filter that attenuates wavelengths above 600 nm. Thefilter may be incorporated into

the photodiode andpositioned in front ofits active area. The peak spectral response
of the photodiodeis preferably between 500 nm and 600 nm. More specifically, the

peak spectral responseofthe photodiode may be 580 nm. The light filter may roll off
the photodiode response above 600 nm which serves to attenuate interference from
light above this wavelength.

Light incident on the photodiode 604 generates an analogue current. The photodiode
current is coupled to the current-to-voltage converter 605, which may be a

transimpedance amplifier 800 asillustrated in figure 8. The transimpedance amplifier
800 is preferably designed so that its gain rolls off above the modulation frequency.

This low pass filter response reduces noise and aliasing. The amplifier 800 is
designed so that a feedback capacitor 801 is as near as possible to the value of the
photodiode junction capacitance which reduces voltage noise gain. This must be
balanced against the requirement for transimpedance roll-off and amplifier stability
whichis controlled by the feedback capacitor 801 and resistor 802.

The bandpassfilter 606 is preferably an active Sallen-Key type with an RC frequency

response though it will be appreciated that Chebychev, Butterworth and other
responses could be used. An exemplary filter 900 is shown in more detail in figure9.
Though the filter 900 is designed using an operational amplifier 906, it will be
appreciated that a band pass filter frequency response can be produced by other
methods. Thefilter 900 is designed to have a centre frequency as close as possible to

the modulating frequency which, in this example, is 570 Hz, and low tolerance

components are selected to help achieve this. The inverting input feedback network
907 and 908 of the operational amplifier sets the filter gain and bandwidth. Thisis
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preferably designed to give as narrow as possible bandwidth while not making the
filter centre frequency overly sensitive to tolerance of components 901, 902, 903, 904

and 905. The high passroll-off of thefilter attenuates noise below the modulation

frequency and the low passroll-off attenuates noise above the modulation frequency,
which also provides anti-alias filtering. It will be appreciated that although the band

pass filter response is in this example implemented as a single band pass filter, it
could also be implemented with separate high and low pass filters of single or

multiple stages.

The output of the band pass filter is an analogue voltage that represents the carrier-
modulated plethysmogram. As the detected carrier modulated plethysmogram has
been bandpassfiltered and its high and low frequency contenttherefore attenuated,
the output signal of the filter is a sine wave with a frequency equal to that of the

fundamental frequency of the modulating carriers.

The plethysmogram is recovered by demodulating the band pass filtered, carrier
modulated plethysmogram signal. Demodulation and further signal conditioning may

be performed using digital signal processing. However, all of this processing can be
carried out in the analogue domain using circuits such as a Gilbert cell I and Q mixer

and a low pass filter for each channel forming a two-channel lock-in. Therefore an
analogue-to-digital converter 607 follows the band pass filter and is used to sample
the analogue voltage at the filter 606 output. It should be noted that the filter is
preferably the last stage before the analogue-to-digital converter 607. This ensures
the converter 607 is presented with bandpassfiltered noise and not broadband white
noise andflicker noise which would bepresentat the output of any active circuit stage

withouta limited frequency response. It will be understood by those skilled in the art
that this will reduce the level ofnoise appearing at the output of the demodulator 608.

For analogue to digital conversion and subsequent demodulation, the sample rate

should preferably be at least four times a multiple integer of the modulation
frequency. For example, the sample rate should be 4, 8 12, 16 and so forth times the
modulation frequency. In a preferred arrangement, the modulation frequency is 570
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Hz and the sample frequency is 4560 Hz: sample frequency is 8 times (2x4) the

modulating carrier frequency.

Sample Frequency = n * 4 * Modulation Frequency (where n is an integer)

Minimum Sample Frequency = 4 * Modulation Frequency.

Figure 11 showsa flow chart of an exemplary demodulator algorithm as carried out in

the demodulator of figure 2. As previously described, the demodulator comprises a

multiplexer for splitting the modulated signal into two channels to give a first

modulated input signal and a second modulated input signal.

Considering the first modulated signal, this is multiplied with a first demodulator

carrier. The demodulator local oscillator (LO) is a square wave with an amplitude of

1, a peak-to-peak amplitude of 2, and therefore sample values of +1 and —1. Its duty

cycle is 50%. Its frequency is equal to the modulating carrier frequency. In this

example the modulation, and therefore demodulation frequency, is 570 Hz, and the

sample rate is 4560 Hz. Therefore, the demodulation waveform comprises eight

samples: four of the value +1 corresponding to the positive cycle of the carrier, and

four of the value —-1 corresponding with the negative cycle of the carrier. Therefore

one cycle of the demodulating LO is represented by the samples +1,+1,+1,+1,-1,-1,-

1,-1 and this pattern is repeated, ad-infinitum, to generate a continuous digital signal.

To multiply the first modulated signal with the first demodulator LO and therefore

obtain the I signal (step 1102), each measured value of the modulated signal is

multiplied with a corresponding-in-time value of the demodulator local oscillator

signal: the modulated signal is multiplied by either +1 or —-1. The use of

multiplication by +1 and —1 is such that the processing is relatively simple on chip

and such an approachis easily transferred to a single integrated circuit if required.

Now considering the second modulated signal, this is multiplied with a second

demodulator LO. The demodulator LO is a square wave with an amplitude of 1, a

peak-to-peak amplitude of 2, and therefore sample values of +1 and —1. Its duty cycle

is 50%. Its frequency is equal to the modulation carrier frequency. In this example

the modulation, and therefore demodulation frequency, is 570 Hz and the sample rate
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is 4560 Hz. Therefore, the demodulation waveform consists of eight samples: four of

the value +1 correspondingto the positive cycle of the carrier, and four of the value —

1 corresponding with the negative cycle of the carrier. However, the second
demodulator carrier is phase shifted by 90 degrees with respect to the first

demodulator carrier. Therefore one cycle of the demodulation carrier is represented

by the samples -1,-1,+1,+1,+1,+1,-1,-1 and this pattern is repeated, ad-infinitum, to

generate a continuous demodulation LO. Note that this is not the same as the first
demodulated carrier signal given above butis a 90 degree phase shifted version ofit.
To multiply the first modulated signal with the first demodulator LO and therefore
obtain the Q signal, each measured value of the modulated signalis multiplied (step
1105) with a corresponding-in-time value of the demodulated carrier signal: it was

multiplied by either +1 or—1.

It will now be appreciated that, in this example which uses an analogue-to-digital
converter and digital demodulator, the requirementfor sampling the bandpassfiltered

detected signal, at a minimum offour times the modulation frequency orat a integer
multiple of four times the modulation frequency is so that the 90 degree phase shift
can be accurately implemented, by shifting the sampled demodulation LO one-quarter

of its cycle.

Separately, the I and Q signals are each low pass filtered to remove unwanted
harmonics and products of the multiplication process, and decimated to reduced the

sample rate. This is carried out by summing each signal in eight-sample-long blocks
(steps 1103 and 1106). For each channel, the first eight samples are summed then the
secondeight and so forth ad infinitum. It will be understoodthatthisis equivalent to
integrating the I and Q signal over one cycle. It will be appreciated that this is an
averaging process, which gives a low pass filter frequency response and therefore
attenuates the high frequency multiplier products. It will also be appreciated that this

is an averagefilter that gives a frequency response with large nulls at multiples of the

carrier frequency. This provides good attenuation of modulation carrier harmonics.

Finally it will be appreciated that in summing eight samples to one sample, the

process also acts as a decimation stage. This reduced sample rate eases computational
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complexity of later signal processing stages and reduces the analogue-to-digital

converter noise floor improving signal-to-noiseratio.

The filtered and decimated I signal is now called I’. The filtered and decimated Q

signal is now called Q’.

Finally, the I’ and Q’ signals are demultiplexed back into one signal: the demodulated
plethysmogram. Each I’ sample is multiplied by itself to give I’? (step 1104). Each
Q’ sample is multiplied with itself to give Q” (step 1107). Each I? sample is
summed with its corresponding Q” sample to give: [+ Q” (step 1108). Each
summed sample is square rooted: (I? + Q’”)°> (step 1109) to give a plethysmogram
sample.

The final stage in the exemplary photoplethysmograph device 600 is the block

average filter 609. The block average filter sums consecutive blocks of 19 samples

(step 1110) to give one sample. This provides the function of an averaging filter and
decimator andits characteristics are used to attenuate harmonically related noise, in

particular the noise generated by 60 Hz computer monitors. The averagingfilter has a

frequency responsethat gives a null (large attenuation) at multiples of the sampling

frequency. Theoriginal sampling frequency of 4560 Hz has been decimated by 8,

then by 19, giving a final sample frequency of 30 Hz. Therefore the averagingfilter

response gives large attenuation at multiples of 30 Hz.

Thelight source 602 is modulated with a 570 Hz carrier. This positions it halfway

between 540 Hz (9th harmonic of 60 Hz), and 600 Hz (10th harmonic of 60Hz). At

the output of the demodulator, these harmonics appear at 30 Hz (with all other

harmonics appearing at even multiples of 30Hz). The block averagefilter 609 is a

simple methodto attenuate this interference. The output ofthis final stage of filtering

(steps 1111, 1112) is the plethysmogram (S1(t)).

It will be appreciated that the final sample rate, and therefore the frequency

characteristics of the final stage block average filter, will depend on the decimator

ratios used in the demodulator 608 and block average filter 609. Therefore, these
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ratios can be adjusted to give attenuation of different harmonics by the block average

filter. A range of values for modulation carrier frequency, sample rate and decimation
ratios are given in Table 1 below. A modulation carrier frequency, sample rate and
decimation ratio is chosen to attenuate a given, problematic, refresh rate.

 
    Sample|Decimation

Rate Ratio

Refresh|Modulation Harmonic

Rate

 
  
 

 Carrier after 
(8xCarrier)

 

 
   
 

A typical output signal can be seen in Figure 13. Figure 13a shows the combined AC
and DC components. Figure 13b shows the magnified AC components. The higher

frequency periodicity is the measured subject’s pulse rate. The lower frequency

periodicity is the measured subject’s breathing rate, which was verified with a
thermistor probe. Algorithms for determining the pulse rate are commonly found in
the literature and consist of peak detection etc.

Applications

An advantage of the plethysmograph devices described here is that a reliable
reflectance modesensorcan be used on manysites of the body not previously suitable

for photoplethysmogram sensing. For example, the forehead is a highly convenient

site for monitoring in harsh conditions such as employees working in the mining or

chemical processing industry who have to wear safety helmets. The device can be

conveniently located in the band ofthe safety helmet or on the wrist under a watch or
other such convenient places on the body. Forehead sensors and head placementhas
been described in Branche et al: “Measurement Reproducibility and Sensor

Placement Considerations in Designing a Wearable Pulse Oximeter for Military

Applications”, [EEE 30th Annual Northeast Bioengineering Conference, Springfield,
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MA,United States, 2004. Their paper reported a hat mounted forehead sensor for

military applications.

Another harsh environmentis in the maternity suite in hospitals for newbornsthat

need resuscitating. Placing such a transducer on the forehead allows the medic to
concentrate on the neo-natal care whilst continually hearing an audible bleep

indicating the pulse rate. Such a device will be highly suitable for other harsh and
routine environments in the health and safety fields. On the other hand soft

applications exist again for mounting in clothing for social, domestic, sports and
biometric applications.

Results

Figures 13, 14 and 15 show results from experiments with the exemplary
photoplethysmograph devices previously described. The photoplethysmograph was
used to record the plethysmogram by illuminating the subject’s forehead. Therefore

these graphs show the forehead plethysmogram.

Figure 13a shows the plethysmogram AC and DC component. This is a traditional
plethysmogram signal that would be expected. Figure 13b shows the AC component
which has been magnified. The pulsatile signal caused bythearterial pulse travelling
under the sensoris clearly visible. This is superimposed on another, lower frequency,

signal which has a period of approximately 10 seconds. This is the breathing signal
caused by variations in blood volume as the subject inhales and exhales. In this
experiment the subject breathed at a fairly constant rate and depth, inhaling and
exhaling once every 8 seconds. This is clearly seen between 10 and 60 seconds.

Figure 14a shows a magnified plethysmogram AC component. Figure 14b showsthe
AC componentafter it has been bandpass filtered to attenuate the pulsatile signal.
The photoplethysmogram breathing signal is clearly visible.

Figure 15 confirms that this low frequency AC signalis the photoplethysmogram
breathing signal. Figure 15a shows the photoplethysmogram breathing signal. Figure

15b showsthe signal from an oral thermistor. This thermistor was placedin a plastic
30
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tube through which the subject breathed. As the subject exhales, air from the lungs
warmed by the body causes a rise in temperature. As the subject inhales, cooler air
from the room is drawn across the thermistor and the sensor records a drop in

temperature. Thus breathing rate can be measured and correlated with the
photoplethysmogram signal to validate the photoplethysmogram breathing rate signal.

Inspection and comparison of Figures 15a and 15b show that the plethysmogram AC
component contains both pulsatile and breathing information and that the exemplary
photoplethysmographdetects these signals with ease. The two signals should be 180
degrees out of phase, which is the case. The small phase delay is caused by thermal
capacitanceofthe thermistor.

In a general aspect, the demodulator outputs of the photoplethysmograph devices as
described herein (e.g. plethysmogram S1(t)) generally provide a signal that is
indicative of blood volume as a function of time. This can be analysed using

techniques known to the skilled person. The output can also be used to deduce blood
constituents or blood composition. The periodic rise and fall in detected light
intensity is assumedto be solely dueto the influx of arterial blood into the tissue. By
using the peak and trough measurements, the attenuation due to the arterial blood can
be measured. If this is performed at two different optical wavelengths, then the
oxygen saturation (the ratio of oxygenated to deoxygenated blood) can be estimated,
using known techniques.

Green lightphotoplethysmography

The technique of photoplethysmography is used in pulse oximeters which determine
the relative oxygen saturation of blood. These devices are normally used in
transmission mode:light is used to illuminate an area oftissue and the emergentlight
on the other side ofthe tissue is detected and processed to determine the percentage

saturation. This techniqueis restricted to areas of skin thin enough for light to pass

through,such as the fingers, toes and ear lobes.

The choice of light wavelength in transmission mode pulse oximetry is important.

The absorption oflight by blood decreases by an order of magnitude from 450 nm to
31

0032



0033

10

15

20

25

30

WO 2007/122375 PCT/GB2007/001355

600 nm, then again from 600 nm to 650 nm and beyond. This absorption is a function

of the photon path length and absorption coefficient and is very large in transmission
mode. The result ofthis is that the attenuation oflight between 450 nm and 600 nm is

very high, to such an extent that very little light of wavelength below 600 nm will

pass through an appendage such as the finger, toe or earlobe. Generally light is used

at 650 nm or higher.

Similarly, much of the research of photoplethysmography has been with devices that

work in the transmission mode, and hence light of a wavelength greater than 600 nm

has been used.

When used in reflection mode the path length, and therefore overall absorption, is

smaller. This is because the light does not pass through an appendage, butis scattered

(or reflected) from the surface layers of tissue back to the detector. This means that

light of between 450 nm and 600 nm can be used. However, the intensity is still very

low and low noise detection techniques are necessary to achieve an adequate signal-

to-noiseratio.

The advantage ofusing light of a wavelength that is strongly absorbed is because the

main absorbing medium is blood. This means that a change in blood volumewill

cause a corresponding but larger change in the intensity of light between 450 nm and

600 nm than 600 nm and beyond. Hence, the light amplitude is modulated by the

blood to a greater degree and therefore the pulsatile component of a reflectance

photoplethysmogram signal is much larger whenlight between 450 nm and 600 nm is

used than whenlight above 600 nm is used. This is illustrated by figures 16 and 17.

Figure 16 shows a photoplethysmogram using green light at a wavelength of 510 nm

and figure 17 shows a photoplethysmogram using red light at a wavelength of 644

nm. Thescaling of the y-axis in both plots is identical. It can be clearly seen that
green light gives a larger pulsatile signal than red light. The pulse caused bythe heart

beat is clearly visible and of greater amplitude than when red light is used, with a

corresponding improvementin signal-to-noiseratio.
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Additionally, the results from the green light clearly show the breathing signal as a

low frequency baseline drift. The breathing signal was noteasily observed whenred

light wasused.

A numberofthe features described here can readily be used in conjunction with one

another.

The use of modulated light with quadrature demodulation as described in connection

with figure 2, in which the demodulatoris insensitive to any phase difference between

the modulation signal and the oscillator of the demodulator offers several advantages

over prior art methods. The modulated photoplethysmogram signal can be band pass

filtered at the modulating frequency to give good attenuation of DC ambientlight, 100

Hz fluorescentlight and 60 Hz computer monitorlight, and flicker noise. It therefore
gives better rejection to interference than prior art schemes that use DC
(unmodulated) light, or modulated light with timeslot detection which is commonly

used in pulse oximeters where it is used as a method of time division multiplexing
between a red and an infra-red LED.

Quadrature demodulationis also insensitive to the difference between the phase ofthe
modulating and demodulating carrier. This can simplify demodulation process to a

simple algorithm, with no synchronisation ofthe carriers necessary.

Quadrature demodulation can readily be used in conjunction with the multiple

wavelength plethysmograph devices described here, as well as with the pixel array

devices, reflection mode devices and green light devices.

The combination of green light photoplethysmography and quadrature demodulation

is found to be particularly advantageous. The use of green light maximises the

amplitude of the detected photoplethysmogram signal and modulated light with a
band passfilter and quadrature demodulation minimises the effects of noise. This
combination thus maximisesthe signal-to-noise ratio and this meansthe heart rate and

breathing rate can be extracted with greater reliability. In the case of heart rate

detection it will reduce false positives or missed beats. In the case of the breathing
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signal it has clearly recovered a signal that has previously been difficult to detect, and
the technique reduces the number offalse positives and missed breaths.

The improved signal-to-noise ratio of the photoplethysmogram signal thus improves
the detection ofthe features in the signal that relate to heart beat and breathing, and

therefore improves the reliability of any algorithm that uses these features to
determine the heart and breathingrate.

In various figures, such as figures 1 — 3, 6, 12 and 18 — 20, the modulating signals are
labelled M1(t) and the demodulating signals as D1(t) indicative of a signal in the
continuous time domain ie. an analogue signal with an amplitude that varies as a

function of time. It will be understood that the arrangements described could readily

be implemented using a digital signal processing algorithm, e.g. in a microprocessor.
In such cases,it will be understood that M1, D1 would be discrete sampled signals,
Mi(n) and D1(n). Similarly, in figure 12 functional blocks G(s) and B(s) could be
represented by signal conditioning algorithms B(z) 1201 and G(z) 1203.

Other embodiments are intentionally within the scope of the accompanyingclaims.
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CLAIMS

1.  Aphotoplethysmograph device comprising:
a light sourceforilluminating a target object;
a modulator for driving the light source such that the output intensity varies as

a function of a modulation signal at a modulation frequency;

a detector for receiving light from the target object and generating an electrical

output as a function ofthe intensity of received light;
a demodulator for receiving the detector output, having a local oscillator and

producing a demodulated output representative of the modulation signal and any
sidebands thereof, in which the demodulator is insensitive to any phase difference
between the modulation signal and the oscillator of the demodulator; and

means for generating, from the demodulated output, a signal indicative of
blood volumeasa function oftime and / or blood composition.

z The photoplethysmograph device of claim 1 in which the demodulator
comprises:

a first channel adapted to mix the detector output with an output of a local
oscillator having an oscillator frequency and a first phase relative to the detector
output, to producea first phase signal output; and

a second channel adapted to mix the detector output with an output of a local
oscillator having said oscillator frequency and a second phaserelative to the detector
outputdifferent from thefirst phase, to produce a second phasesignal output,

the first and second phase signal outputs forming the demodulated output.

3. The photoplethysmograph device of claim 2 in which the local oscillator
frequency is substantially equal to the modulation frequency.

4. The photoplethysmograph device of claim 2 comprising a single local
oscillator having a first phase output for mixing in the first channel and a second
phase output for mixing in the second channel.

5: The photoplethysmograph device of claim 4 in which the first phase output
and the secondphaseoutputare at substantially 90 degree relative phaseangle.
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6. The photoplethysmograph device of claim 4 in which the first phase output
and the second phase outputof the single local oscillator have the same phase, the
demodulator havingasplitter for dividing the detector output into two channel signals

and a phase shift device in at least one channel for providing a phase shift between the
divided detector output signals used as input to the two channels.

7. The photoplethysmograph device of claim 6 in which the phase shift between
the divided detector output signals is substantially 90 degrees.

8. The photoplethysmograph device of claim 2 further including a low passfilter
to remove harmonics in the first and second phase outputs of thefirst and second

channels generated by the mixing process.

9. The photoplethysmograph device of claim 1 further including a feedback
circuit adapted to adjust the output intensity of the light source as a function of the
detector output or the demodulated output.

10.|The photoplethysmograph device of claim 9 in which the feedback circuit is
adapted to maintain the output intensity of the light source at a level adequate to
maintain detection of a plethysmogram from the demodulated output.

11. The photoplethysmograph device of claim 1 in which the light source output
lies in the range ofthe optical spectrum between 450 nm and 600 nm.

12. The photoplethysmograph device of claim 1 including:
a secondlight source forilluminating the target object with light of a different

wavelength than thefirst light source,

a second modulator for driving the second light source such that output

intensity varies as a function of a second modulation signal, and
a second demodulator for producing a second demodulated output

representative of the second modulation signal.
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13. The photoplethysmograph device of claim 12 in which the second
demodulatoris insensitive to any phase difference between the modulation signal and
a local oscillator of the second demodulator.

14. The photoplethysmograph device of claim 12 further including means for
generating, from the second demodulator output, a signal indicative ofblood volume
as a function oftime and / or blood composition.

15. The photoplethysmograph device of claim 1 further including a band pass
filter coupled between the detector output and the demodulator input having a pass
band only sufficiently wide to pass the modulation frequency and any sidebands
caused by plethysmogram amplitude modulation in the detector output.

16. The photoplethysmograph device of claim 15 in which the pass bandis limited
substantially to 25 Hzeither side ofthe modulation frequency.

17. The photoplethysmograph device of claim 1 in which the light source and
detector are disposed laterally adjacent to one another on a substrate such that the
active surfaces thereof can be directed towards substantially the same point on a

surface of the target body.

18. A methodofgenerating a plethysmogram, comprising the stepsof:
illuminating a target object with a light source;

driving the light source with a modulator such that the output intensity varies
as a function of a modulation signal at a modulation frequency;

receiving light from the target object with a detector and generating an
electrical output as a function ofthe intensity ofreceived light;

receiving the detector output in a demodulator having a local oscillator and
producing a demodulated output representative of the modulation signal and any
sidebands thereof, in which the demodulator is insensitive to any phase difference
between the modulation signal and the oscillator of the demodulator; and

generating, from the demodulated output, a signal indicative of blood volume
as a function oftime and / or blood composition.
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19. A photoplethysmograph device comprising:
one or morelight sources eachforilluminating a portion of a target object;
one or more modulators for driving the light sources such that the output

intensity of each light source varies as a function of a modulation signal at a
modulation frequency;

‘one or more detectors for receiving light from the target object and generating

one or moreelectrical outputs as a function of the intensity of received light;
a plurality of demodulators each for receiving one or more of the electrical

outputs and producing a demodulated output representative of the modulation signal
of one of the modulatedlight sources and any sidebandsthereof, to thereby produce a

plurality of demodulated outputs corresponding to the plurality of light sources and/or
plurality of detectors; and

means for generating, from the demodulated outputs, plethysmogram signals
indicative of blood volume as a function oftime and / or blood composition for each

of the demodulator outputs.

20. The photoplethysmograph device of claim 19 including plural light sources
each having an optical output at a different wavelength, each one of the plurality of
demodulators producing a demodulated output representative of the modulation signal
on a respective different one ofthe optical wavelengths.

21. The photoplethysmograph device of claim 19 further including means for
selecting one of the demodulated outputs that provides the best signal-to-noiseratio.

22. The photoplethysmograph device of claim 19 further including means for
performing one or more of independent component analysis, principal component
analysis and blind source separation from the multiple demodulator outputs to

improve the signal to noiseratio.

23. The photoplethysmographdevice of claim 19 including plural light sources in
whichtheplurality of light sources are disposed in a pixel array on a substrate.
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24. The photoplethysmograph device of claim 23 further including means for
mapping the spatial distribution of the blood volume and / or blood composition
correlated with therelative spatial locations ofthe light sources in the pixelarray.

25. The photoplethysmograph device of claim 19 including plural light sources in
which thelight sources are driven at different modulation frequencies.

26. The photoplethysmograph device of claim 25 in which the demodulators each
produce a demodulated output corresponding to a respective oneofthelight sources.

27. The photoplethysmograph device of claim 20 including a plurality of
detectors each operative to receive light at a respective one of the light source
wavelengths and in which the demodulators each produce a demodulated output
correspondingto a respective oneofthe light sources.

28. The photoplethysmographdevice of claim 19 in which the demodulators each
have a local oscillator and produce a demodulated output representative of the

respective modulation signal, in which the demodulator is insensitive to any phase
difference between the respective modulation signal and the oscillator of the
demodulator.

29. The photoplethysmograph device of claim 19 in which the one or morelight
sources and one or moredetectors are disposed laterally adjacent to one another on a

substrate such that the active surfaces thereof can be directed towards substantially the

samepoint on a surface of the target body.

30. The photoplethysmograph device of claim 19 including plural detectors and
corresponding plural demodulators each disposed in a pixel array on a substrate.

31. The photoplethysmograph device of claim 30 further including means for
mapping the spatial distribution of the blood volume and / or blood composition
correlated with therelative spatial locations of the detectors in the pixel array
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32. A methodofgenerating a plethysmogram, comprising the steps of:
illuminating a portionof a target object with one or more light sources;
driving the light sources with one or more modulators such that the output

intensity of each light source varies as a function of a modulation signal at a
modulation frequency;

receiving light from the target object with one or more detectors and
generating one or more electrical outputs as a function of the intensity of received
light;

receiving one or more of the electrical outputs with a plurality of
demodulators, each producing a demodulated output representative of the modulation
signal of one of the modulated light sources and any sidebands thereof, to thereby
produce a plurality of demodulated outputs corresponding to the plurality of light
sources; and

generating, from the demodulated outputs, plethysmogram signals indicative
of blood volume as a function of time and / or blood composition for each of the

demodulator outputs of the pixel array.

‘33. A photoplethysmograph device for non-contact use, comprising:
a light source forilluminating a target objectviaa first polarising filter;
a modulator for driving the light source such that the output intensity varies as

a function of a modulation signal at a modulation frequency;

a detector for receiving light from the target object via a second polarising

filter having a different polarisation state than the first polarising filter, the detector
adapted to generate an electrical output as a function of the intensity ofreceived light;

a demodulator for receiving the detector output and producing a demodulated

output representative of the modulation signal and any sidebandsthereof; and
means for generating, from the demodulated output, a signal indicative of

blood volumeas a function of time and / or blood composition.

34. The photoplethysmograph device of claim 33 in which the first and second
polarising filters are disposed with their relative polarisation states at 90 degrees to
one another.
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35. The photoplethysmograph device of claim 33 in which the detector has a local

oscillator and produces a demodulated output representative of the modulation signal,
in which the demodulator is insensitive to any phase difference between the

modulation signal and the oscillator of the demodulator.

36. The photoplethysmograph device of claim 33 in which the light source and

detector are disposed laterally adjacent to one another on a substrate such that the
active surfaces thereof can be directed towards substantially the same point on a

surface ofthe target body.

37. The photoplethysmograph device of claim 33 in which the light source has an

optical output of wavelength less than 600 nm.

38. The photoplethysmograph device of claim 37 in whichthe light source has an
optical output of wavelength between 440 nm and 574 nm or between 500 nm and
600 nm.

39. A methodofgenerating a photoplethysmogram, comprising thestepsof:

illuminating a target object with a light source via a first polarisingfilter;

driving the light source with a modulator such that the output intensity varies
as a function of a modulation signal at a modulation frequency;

receiving light from the target object with a detector via a second polarising

filter having a different polarisation state than the first polarising filter, the detector

generating an electrical output as a function ofthe intensity of received light;
receiving the detector output with a demodulator and producing a demodulated

output representative of the modulation signal and any sidebandsthereof; and
generating, from the demodulated output, a signal indicative of blood volume

as a function of time and / or blood composition.

40. A photoplethysmograph device for non-contact use, comprising:

a light source for illuminating a target object with optical radiation of

wavelength less than 600 nm;
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a modulator for driving the light source such that the output intensity varies as

a function of a modulation signal at a modulation frequency;

a detector for receiving light from the target object and adapted to generate an

electrical output as a function ofthe intensity of received light, the light source and
detector being disposed laterally adjacent to one another on a substrate such that the
active surfaces thereof can be directed towards substantially the same point on a

surfaceofthe target body;

a demodulator for receiving the detector output and producing a demodulated

outputrepresentative of the modulation signal and any sidebands thereof; and
means for generating, from the demodulated output, a signal indicative of

blood volumeas a function oftime and/ or blood composition.

41. The photoplethysmograph device of claim 40 in which the light source is
adapted for illuminating the target object with optical radiation of a wavelength
between 440 nm and 574 nm or between 500 nm and 600 nm.

42. The photoplethysmograph device of claim 40 in which the light source is
adapted for illuminating a target object via a first polarising filter and the detectoris
adapted for receiving light from the target object via a second polarising filter having
a different polarisation state than thefirst polarisingfilter.

43. The photoplethysmograph device of claim 40 in which the light source and
detector are disposed laterally adjacent to one another on a substrate such that the
active surfaces thereof can be directed towards substantially the same point on a

surfaceofthe target body.

44. A methodofgenerating a photoplethysmogram, comprising the steps of:
illuminating a target object with optical radiation of wavelength less than 600

nm from a light source;

driving the light source with a modulator such that the output intensity varies
as a function of a modulation signal at a modulation frequency;

receiving light from the target object with a detector to generate an electrical
output as a function of the intensity of received light, the light source and detector
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being disposed laterally adjacent to one another on a substrate such that the active

surfaces thereof can be directed towards substantially the same point on a surface of

the target body;

receiving the detector output with a demodulator and producing a demodulated

output representative of the modulation signal and any sidebands thereof; and

generating, from the demodulated output, a signal indicative of blood volume

as a function of time and / or blood composition.
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Ny Sample Detected Modulation1101 Signal

Multiply each of 8 consecutive
samples by sequence
+1414+141-1-1-1-1

This gives the | signal.

 
 
 

 
 
 

 

Sum 8 consecutive samples
to give 1 sample.
This gives the Q'signal

Square the sample.

Sum the squared samples.

Sum 8 consecutive samples
to give 1 sample.
This gives the Isignal

Square the sample.
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Square Root.
1109

Sum 19 consecutive
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Forehead Plethysmogram: 644nm
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