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OPTICAL PARTICLE SENSOR

FIELD OF THE INVENTION

The invention relates to a laser sensor or laser sensor module using self-
mixing interference for particle density detection, a related method of particle density
detection and a corresponding computer program product. The invention further relates to a

device comprising such a laser sensor or laser sensor module.

BACKGROUND OF THE INVENTION

CN102564909 A discloses a laser self-mixing multi-physical parameter
measurement method and a laser self-mixing multi-physical parameter measurement device
for atmospheric particulate matter. The laser self-mixing multi-physical parameter
measurement device comprises a microchip laser, a collimating lens, a beam splitter,
converging lenses, a photodetector, an amplifier, a data acquisition card and a spectrum

analyzer. The described methods and devices are complicated and expensive.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an improved laser sensor
module for particle density detection. The invention is defined by the independent claims.
The dependent claims define advantageous embodiments.

According to a first aspect a laser sensor module for particle density detection
is presented. The laser sensor module comprises:

- at least a first laser being adapted to emit a first measurement beam and at
least a second laser being adapted to emit a second measurement beam,

- an optical device being arranged to redirect at least the first measurement
beam such that the first measurement beam and the second measurement beam enclose an
angle between 45° and 135°,

- one detector being adapted to determine at least a first self-mixing
interference signal of a first optical wave within a first laser cavity of the first laser and at
least a second self-mixing interference signal of a second optical wave within a second laser

cavity of the second laser.
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The number of detected particles determined by means of optical sensing
techniques depends on the relative velocity of the particles with respect to the optical beam. It
is therefore necessary to determine the velocity of the particles in order to determine the
corresponding particle density. In the general case of an unknown wind direction multiple
self-mixing laser sensors pointing in different directions, preferably orthogonally placed,
must be used. Each of the self-mixing laser sensors emits a laser beam in the corresponding
direction and a self-mixing interference signal is generated as soon as the laser beam is
reflected at a particle such that at least a part of the reflected laser beam re-enters a laser
cavity of the corresponding self-mixing laser sensor. A velocity component of the particle
parallel to the emission direction of the laser beam can be determined by means of the self-
mixing interference signal. Three self-mixing laser sensors emitting laser light in linear
independent directions (preferably orthogonal directions as X, y, and z) are therefore
necessary to determine the velocity vector of the particle flow. In other configurations, the
direction of the particle flow has to be fixed with respect to the self-mixing laser sensor or an
artificial particle flow has to be generated by means of, for example, a movable mirror such
that the influence of the wind speed may be negligible. Especially movable mechanical parts
as an oscillating mirror increase the size and cost of such particle sensor.

The laser sensor module with one common detector for detecting self-mixing
interference signals of at least two lasers decrease the size, the complexity and therefore the
cost of particle sensors. The detector is not arranged to differentiate which of the laser
cavities generates the self-mixing interference signal. It is thus not possible to assign an
emission direction to the determined self-mixing interference signal. A static optical device
(no movable parts) is used to redirect one or both measurement beams such that the
measurement beams enclose a fixed angle between 45° and 135°, more preferably between
60 ° and 120 ° and most preferably between 80° and 100°. A reliable velocity measurement
can be determined from the single or common detector (e.g. photo diode). The reason is that
the particle velocity would be derived in the known approach by the square root of the
velocity components in x and y direction in case of a two-dimensional particle flow (e.g.
wind parallel to a surface). Measurement of the velocity by means of only one detector which
is not able to differentiate between the x and y direction therefore introduces an error.
Because the number of detected particles scales with the cubic root of the particle velocity
the error in number of particles is smaller than the error of the particle velocity. The
simplified laser sensor module therefore enables for a multitude of applications a detection of

the number of particles within a detection volume with sufficient accuracy. The number of
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particles within the detection volume may be used to determine the PM 2.5 value as defined
by the National Air Quality Standard for Particulate Matter of the US Environmental
Protection Agency. The signal strength of the self-mixing interference signals may be further
used to determine an estimate of the particle sizes.

There may be two, three, four or more (e.g. array) of lasers emitting first
measurement beams as well as two, three, four or more (e.g. array) of lasers emitting second
measurement beams. Increasing the number of measurement beams may increase the
detection volume and therefore decrease the detection time necessary to determine sufficient
particles.

The laser sensor module may comprise at least a third laser being adapted to
emit a third measurement beam. The optical device may be arranged such that at least two
measurement beams are redirected such that all measurement beams mutually enclose the
same angle. The optical device may especially be arranged to redirect the first measurement
beam, the second measurement beam and the third measurement beam such that the first
measurement beam and the second measurement beam enclose the same angle as the second
measurement beam and the third measurement beam and as the third measurement beam and
the first measurement beam. The single detector may be adapted to determine at least an
additional third self-mixing interference signal of a third optical wave within a third laser
cavity of the third laser. The single detector is therefore arranged to determine the self-
mixing interference signal of all three lasers. The laser sensor module is therefore simplified
in comparison to a configuration in which separate detectors are combined with each laser.

Taking three lasers which are arranged by means of the optical device to emit
three measurement beams in three linear independent measurement directions enables to
determine an average velocity if the particle flow vector is not restricted to an essentially
two-dimensional plane as in case of a laser sensor module with two measurement beams
described above. It is therefore possible to determine the number of particles in a detection
volume by means of such a simple laser sensor module even in case of an unknown three-
dimensional particle flow.

There may be two, three, four or more (e.g. array) of lasers emitting third
measurement beams in order to increase the detection volume as described above.

The measurement beams may enclose an angle of 90°. Choosing essentially
orthogonal measurement beams reduces the measurement error as discussed below and may

thus be preferred. Two measurement beams may enclose an angle of 90° or three
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measurement beams may enclose an angle of 90° (e.g. measurement beams pointing in X, y, Z
direction Cartesian coordinate system).

The at least first laser and the at least second laser and even the third laser in
case of a three-dimensional arrangement of measurement beams may consist of
semiconductor layers provided on a common semiconductor chip.

The two or three lasers can be placed next to each other, for example, on a
common semiconductor chip such that these lasers emit laser light in the same direction. The
optical device changes the emission direction such that the two or three measurement beams
enclose the desired angle or angles.

The common detector may be integrated in the semiconductor layers of the
common semiconductor chip. The semiconductor layers of the semiconductor chip may
comprise one or more photosensitive layers. The photosensitive layer (e.g. photo diode or
photo transistor) may be arranged below an arrangement of the semiconductor layers building
the at least two lasers. The photosensitive layer may be arranged such that variations of the
optical wave within each laser cavity of the lasers can be detected. It is therefore possible to
enable a very compact laser sensor module by means of the combination of the common
semiconductor chip and the optical device. The lasers and the photosensitive layers can be
manufactured on wafer level in one semiconductor process flow.

The optical device may comprise gratings optically coupled with the lasers.
The optical device may alternatively comprise a surface grating integrated in the
semiconductor layers or just above the semiconductor layers. The surface grating may
comprise one or more structured semiconductor layers in the path of the emitted
measurement beams which may be processed during semiconductor processing of the lasers
and optionally the integrated common detector as described above. The gratings or surface
gratings are arranged to deflect the measurement beams in the intended directions as
described above and below.

The at least first laser and the at least second laser may, for example, be
Vertically Cavity Surface Emitting Lasers (VCSEL). The common detector may in this case
optionally be placed near to the laser cavity or integrated in the structure of the cavity (e.g.
integrated in the layer structure of one of the mirrors) such that an optical coupling between
the laser cavities of the lasers and the common detector is enabled. Surface gratings may
optionally be provided at a light emission side of the two, three or more VCSELS (top or

bottom emitter) in order to enable or support deflection of the measurement beams.
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The optical device may comprise micro-optical components for redirecting the
measurement beams emitted by the lasers. Each micro-optical component may be attached to
one laser or laser arrangement in order to redirect the respective measurement beam in the
intended measurement direction. The micro-optical components may be attached to the lasers
on wafer level in order to simplify alignment. The micro-optical components may be grouped
in a common optical sub-device such that two, three, four or more micro-optical components
can be attached to a laser sensor module comprising two, three, four or more lasers. One
micro-optical component (optical array) may be used to redirect e.g. first measurement beams
emitted by a first laser comprising an arrangement of two, three, four or more lasers (e.g.
array).

The optical device may further comprise at least one focusing element
associated to each measurement beam. The at least one focusing element is arranged to focus
the respective measurement beam to a focus region. Focusing of the measurement beams to
the respective focus regions may increase signal strength of the self-mixing interference
signals. Reliability of the measurement may therefore be improved. The focusing element
may, for example, be a lens.

The micro-optical components and the focusing elements may be
manufactured in one integrated optical device in order to simplify alignment. One, two, three,
four or more micro-optical components may be associated to one focusing element depending
on the number of lasers used to emit the measurement beams in the respective measurement
direction.

According to a further aspect a particle sensor is provided. The particle sensor
comprises the laser sensor module according to any embodiment as described above. The
laser sensor further comprises an evaluator. The evaluator may be adapted to receive
detection signals generated by the detector in reaction to the determined self-mixing
interference signals. The evaluator is further adapted to determine at least one average
velocity of particles by means of the detection signals received in a predetermined time
period. The evaluator is further adapted to determine a particle density based on the received
detection signals in the predetermined time period and the at least one average velocity.

The combination of number of detected particles and the detected velocity
results in a particle density. The particle density can be expressed for instance as a PM2.5
value. The evaluator may, for example, comprise only one ASIC which is adapted to evaluate
the self-mixing interference signals generated by means of first, second and optionally third

laser in combination with the common detector as described in more detail below.
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The particle sensor may further comprise an electrical driver. The electrical
driver may be adapted to electrically drive the lasers such that the lasers emit the
measurement beams.

The particle sensor may additionally comprise an interface by means of which
control signals, electrical driving signals or detection signals can be exchanged with an
external controller.

An air purifier, a sensor box or a wearable device may comprise the particle
sensor module according to any embodiment as described above. The sensor box may be a
particle sensor as described above or a device comprising several mutually different sensor
modules or sensors. The wearable device may, for example, be a mobile communication
device as a smart phone.

According to a further aspect a method of particle density detection is
presented. The method comprises the steps of:

- emitting at least a first measurement beam by means of a first laser,

- emitting at least a second measurement beam by means of a second laser,

- redirecting at least the first measurement beam such that the first
measurement beam and the second measurement beam enclose an angle between 45° and
135°,

- determining self-mixing interference signals of at least a first optical wave
within a first laser cavity of the first laser and at least a second optical wave within a second
laser cavity of the second laser by means of one detector within a predetermined time period,

- determining at least one average velocity based on the determined self-
mixing interference signals,

- determining a particle density based on the determined average velocity and
a number of determined self-mixing interference signals.

The method may further comprise the additional steps of:

- determining at least a first average velocity based on self-mixing interference
signals determined in a first time period,

- determining at least a second average velocity based on self-mixing
interference signals determined in a second time period,

- determining the number of determined self-mixing interference signals in the

predetermined time period comprising the first and the second time period,
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- determining the particle density based on the at least first average velocity,
the at least second average velocity and the corresponding number of determined self-mixing
interference signals.

The method steps are not necessarily performed in the sequence described
above.

The number of self-mixing interference signals is determined in the
corresponding time periods. The interval for particle detection may be optimized according to
this method for most accurate results. For small time interval the wind speed is most
accurately followed. For large time interval the number of detected particles is larger and
consequently the measurement errors are smaller. By using a longer averaging time (time
period comprising the first and the second time period) for the number of particles and a
shorter averaging time (first respectively second time period) for the momentary wind speed
(and consequently momentary correction factor on particle count) most accurate results may
be obtained.

According to a third aspect a computer program product is presented. The
computer program product comprises code means which can be saved on at least one
memory device of the particle sensor according to any one of claims 8 to 9 or on at least one
memory device of a device comprising the particle sensor. The code means being arranged
such that the method according to claims 11 or 12 can be executed by means of at least one
processing device of the laser sensor according to any one of claims 8 to 9 or by means of at
least one processing device of the device comprising the laser sensor.

The memory device or the processing device may be comprised by the laser
sensor (e.g. electrical driver, evaluator etc.) or the device comprising the laser sensor module.
A first memory device and/or first processing device of the device comprising the laser
sensor module may interact with a second memory device and/or second processing device
comprised by the laser sensor module.

The memory device or devices may be any physical device being arranged to
store information especially digital information. The memory device may be especially
selected out of the group solid-state memory or optical memory.

The processing device or devices may be any physical device being arranged
to perform data processing especially processing of digital data. The processing device may
be especially selected out of the group processor, microprocessor or application-specific

integrated circuit (ASIC).
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It shall be understood that the laser sensor according to any one of claims eight

or nine and the method of claims 11 or 12 have similar and/or identical embodiments, in

particular, as defined in the dependent claims.

It shall be understood that a preferred embodiment of the invention can also be

any combination of the dependent claims with the respective independent claim.

Further advantageous embodiments are defined below.

These and other aspects of the invention will be apparent from and elucidated

with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

. 1 shows a number of detected particles as function of the number of lasers
2 shows a probability distribution

3 the distribution of the particles shown in Fig. 2 on the x and y detector
4 shows a principal sketch of a first laser sensor module

5 shows a principal sketch of a second laser sensor module

6 shows a principal sketch of a first particle sensor

7 shows a principal sketch of a top view of a second particle sensor

8 shows a principal sketch of a first micro-optical component

9 shows a principal sketch of a first optical device

10 shows a principal sketch of a second micro-optical component

11 shows a principal sketch of a second optical device

12 shows a principal sketch of a third micro-optical component

13 shows a principal sketch of a third optical device

14 shows a principal sketch of a fourth micro-optical component

15 shows a principal sketch of a mobile communication device

16 shows a principal sketch of a method of particle detection

17 shows 1 quadrant of an elliptical spot shape

18 shows an example of an error factor due to the elliptical spot shape

19 shows reduction of the error factor taking into account elliptical spot

shape

In the Figures, like numbers refer to like objects throughout. Objects in the

Figures are not necessarily drawn to scale.
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DETAILED DESCRIPTION OF EMBODIMENTS

Various embodiments of the invention will now be described by means of the
Figures.

Self-mixing interference is used for detecting movement of and distance to an
object. Background information about self-mixing interference is described in “Laser diode
self-mixing technique for sensing applications”, Giuliani, G.; Norgia, M.; Donati, S. &
Bosch, T. , Laser diode self-mixing technique for sensing applications, Journal of Optics A:
Pure and Applied Optics, 2002, 4, S. 283 - S. 294 which is incorporated by reference.
Detection of movement of a fingertip relative to a sensor in an optical input device is
described in detail in International Patent Application No. WO 02/37410 which is
incorporated by reference. The principle of self-mixing interference is discussed based on the
examples presented in International Patent Application No. WO 02/37410. A diode laser
having a laser cavity is provided for emitting a laser, or measuring, beam. At its upper side,
the device is provided with a transparent window across which an object, for example a
human finger, is moved. A lens is arranged between the diode laser and the window. This
lens focuses the laser beam at or near the upper side of the transparent window. If an object is
present at this position, it scatters the measuring beam. A part of the radiation of the
measuring beam is scattered in the direction of the illumination beam and this part is
converged by the lens on the emitting surface of the laser diode and re-enters the cavity of
this laser. The radiation re-entering the cavity of the diode laser induces a variation in the
gain of the laser and thus in the intensity of radiation emitted by the laser, and it is this
phenomenon which is termed the self-mixing effect in a diode laser.

The change in intensity of the radiation emitted by the laser or of the optical
wave in the laser cavity can be detected by a photo diode or a detector arranged to determine
an impedance variation across the laser cavity. The diode or impedance detector converts the
radiation variation into an electric signal, and electronic circuitry is provided for processing
this electric signal.

The self-mixing interference signal may in case of particle detection, for
example, be characterized by a short signal burst or a number of signal bursts. It may
therefore be preferred to use a DC drive current in order to simplify signal detection and
signal analysis. A modulated drive current may be used in order to determine the position or
velocity of the particle, for example, by means of self-mixing interference signals which may
be generated by reflection of laser light at bigger particles. The velocity (and optionally

distance) may be determined within one measurement or in a subsequent measurement step.
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It may therefore be possible or even beneficial to use a DC drive current in a first period in
time in order to generate a particle measure of the intended particle number or size and a
modulated drive current in order to determine the velocity of the particle flow. The duration
and the intensity of the signal may optionally be used to determine the particle size.

The theoretical concept of the particle measurement is explained by means of
Fig. 1, Fig. 2, and Fig. 3.

Fig. 1 shows a number of detected particles per minute as function of the
number of lasers. Fig. 1 shows that the combination of two or three lasers 111, 112, 113 with
a single detector 120 as well as single detection electronics solution is technically feasible.
Measuring all laser currents by means of one detector 120 in combination with single
detection electronics increases the noise in the system. However, model calculations show
that the advantage of multiple measurement beams 111°, 112°, 113” is larger as the
disadvantage of the additional noise. Multiple lasers 111, 112, 113 with common detector
120 and ASIC (evaluator 140) increase the number of detected particles as shown by curve
242. Curve 244 shows the reference in which one detector with one ASIC is used per laser.

By means of Figures 2 and 3 it is discussed that a reliable velocity
measurement can be determined from the single photodetector signal. To explain this, it is
assumed that the sensor is detecting above a flat area, in which the wind velocity is
dominantly in the x,y plane. Normally, the wind speed would be derived by the square root of
the velocity components in x and y direction. In the single detector 120 and evaluator 140
(photodiode/electronics) case, discrimination cannot be made between vx and vy. It is only
possible to determine an average velocity vay given by the equation.

vav=sqrt (2*(X vi?)/n)

vi is the absolute value of the i-th velocity as observed on the common detector
120 in combination with the common evaluator 140 (photodiode in combination with the
ASIC) and n is the number of measurements given by the number of detected particles. In
this case use is made from the fact that velocity changes are slow with respect to the particle
detection rate. In case of a wind direction at 45 degrees an exact number for the average
velocity is obtained despite of the fact that the discrimination between x and y direction is not
possible. In case the wind direction is at 0 or 90 degrees the wind speed depends on the
number of detected particles for each laser. For an identical number of particles per laser
(both n/2), also an exact number for the air velocity would be derived. However, the number

of detected particles per laser may be different. These statistical variations in number of
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detected particles will lead to velocity measurement errors. Fig. 2 shows the number of
detected particles for a measurement time which on the average yields 15 detected particles.
The standard deviation is 4 particles for n=15. Fig. 3 shows the binominal probability
distribution over the x and y detector is given for 15 detected particles. Of course on the
average 7.5 particles per laser 111, 112 are detected. The standard deviation is p(1-p)n=
0.5*%0.5*15=1.9 particles (p=0.5). For the worst case situation where the velocity is parallel to
the x (or y) axis and the largest number of particles are observed in the zero velocity

direction, the error in velocity is given by the equation:
sqrt (2*(7.5*v?)/15) /sqrt (2*(5.6*v?)/15) = 1.16 (For 1 sigma)

Because the number of detected particles scales with the cubic root of the
speed, the error in number of particles is 5% only. This error is much smaller as the particle
detection error itself at 15 samples (25%, 1 sigma). This means that the velocity detection is
for a lot of application accurately enough in case of a single detector 120 (e.g. photodiode) in
combination with a single evaluator 140 (e.g. ASIC).

The average velocity is in case of a three dimensional configuration
comprising three lasers 111, 112, 113 (as described above and below) determined by means
of the equation:

vav=sqrt (3*(C vi?)/n)

When the measurement beams 111°, 112°, 113" are not orthogonal with
respect to each other, but enclose the same angle with each other (meaning the inner product
of the direction vectors of the different lasers are the same), an estimate of the velocity vector
coefficients can be made by applying a maximum likelihood method to the obtained
velocities/frequencies to find the most likely coefficients for the velocities in the two or three

laser basis. With these coefficients one can calculate the magnitude of the velocity vector.

lv|? = Z aa; < e;le; >

ij

An error in the velocity estimation is made in this case. The magnitude of the
velocity is modified by the Gram matrix G_ij = <e_ile_j>. From the eigenvalues of this

matrix the error made can be determined.
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In short when all the measurement beams 111°, 112°, 113° enclose the same
angle with each other the errors are minimal, for an angle of 90°. For e.g. 60° angle the error
in the velocity estimation can be calculated as a factor of 2, which leads to error of cubic root
of 2 = 1.25 in PM2.5 estimate. It is thus preferred but not absolutely necessary that a two
measurement beams 111°, 1127 in case of the two laser configuration or the three
measurement beams 111°, 112°, 113" in case of the three laser configuration enclose an angle
of 90°.

It is therefore possible to enable determination of the number of particles by
means of two or three lasers 111, 112, 113 in combination with one detector 120.
Furthermore, an optical device 150 is needed in order to redirect the measurement beams
111°,112°, 113°. Examples of such optical devices 150 which are able to make focused beam
in various directions while starting with lasers, especially VCSEL, closely together (e.g. 100
micron) on a chip are described below.

Fig. 4 shows a principal sketch of a first laser sensor module. The first laser
sensor module comprises two Vertical Cavity Surface Emitting Lasers (VCSEL) 111, 112.
The two lasers 111, 112 are arranged on a common semiconductor substrate 12 and comprise
a common bottom electrode 10. The first laser sensor module further comprises a detection
layer 14 comprising one or more photosensitive layers which are arranged to determine
variations of the optical standing wave in the laser cavities of the two lasers 111, 112. A
photo current is measured by means of the common bottom electrode 10 and detection
electrode 15. The laser cavities of the first laser 111 and the second laser 112 are arranged in
different mesas. Each of the lasers 111, 112 comprises a bottom Dielectric Bragg Reflector
(DBR) 16, an active layer 17, a top DBR 18 and a top electrode 19. The top electrodes 19 of
the two lasers 111, 112 are preferably electrically connected such that both lasers can be
easily driven in parallel by providing an electrical driving current via the common bottom
electrode 10 and the top electrodes 19. The first laser 111 is arranged to emit a first
measurement beam 111°. The second laser 112 is arranged to emit a second measurement
beam 112°. A common optical device 150 is arranged to redirect the first measurement beam
111’ and the second measurement beam 112’ such that the elongations of both redirected
measurement beams 111°, 112’ enclose an angle of preferably 90° in a virtual intersection
point if the measurement beams are arranged in the same plane. Direction vectors
corresponding to the directions of the two measurement beams may span a plane which is

preferably inclined to a plane coplanar to a two-dimensional particle flow (e.g. wind parallel
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to a surface) such that all components of the two-dimensional particle flow can be measured
reliably.

Fig. 5 shows a principal sketch of a second laser sensor module. The
configuration is the nearly the same as discussed with respect to Fig. 4. Two lasers 111, 112
(VCSEL) with surface gratings are arranged on a common substrate. The optical device 150
consists in this of the surface gratings. The surface gratings are arranged such that direction
vectors in the emission directions of measurement beams 111°, 112” enclose an angle of 90°.
The measurement beams 111°, 112 may be arranged in the same plane or parallel planes
spanned by the direction vectors. The optical device 150 may optionally comprise further
optical elements as, for example, lenses as described below.

Fig. 6 shows a principal sketch of a first particle sensor 100. The first particle
detector comprises a first laser 111 and a second laser 112. Both lasers 111, 112 may be side
emitters which are arranged to emit laser light in the same direction. An optical device 150 is
optically coupled with each laser 111, 112 in order to redirect the respective measurement
beam 111°, 112° as described above. The optical devices 150 comprise surface gratings for
deflecting the measurement beams 111°, 112°. The surface grating is manufactured by means
of semiconductor processing in the production process of the lasers 111, 112 (e.g. VCSEL as
shown in Fig. 4). Self-mixing interference signals may be generated after reflecting the first
or second measurement beam 111°, 112’ by a particle comprised by a particle flow parallel to
the surface of the first particle sensor 100. The self-mixing interference signals are detected
by a common detector 120. The detected self-mixing interference signals are received and
evaluated by means of an evaluator 140. The lasers 111, 112 are driven by means of electrical
driver 130. Electrical measurement results generated by means of the evaluator 140 as well as
electrical power may be provided by means of a common interface 135. Alternatively
separate interfaces may be used.

Fig. 7 shows a principal sketch of a top view of a second particle sensor 100.
Three lasers 111, 112, 113 are arranged to emit measurement beams 111°, 112°, 113” in the
same direction. An optical device 150 is in this case arranged such that the first measurement
beam 111" and the second measurement beam 112° enclose the same angle as the second
measurement beam 112” and the third measurement beam 113" and as the third measurement
beam 113° and the first measurement beam 111°. The angle enclosed by the measurement
beams 111°, 112°, 113 is preferably 90°. The second particle sensor 110 is therefore enabled
to determine a three-dimensional average velocity. The second particle sensor 100 further

comprises a common detector 120, an evaluator 140 and an electrical driver 130 and one or
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more interfaces as described above which are not shown. Optionally, the optical device 150
may comprise gratings optically coupled with each laser 111, 112, 113.

Fig. 8 shows a principal sketch of a first micro-optical component 151a which
may be comprised by the optical device 150. The micro-optical component 151a consists of a
mirror on wafer level. For instance, 151a can be made of a UV-curing replica material. Also
other technologies like glass molding or grinding are also possible. The mirror is in this case
based on total internal reflection in order to redirect the first measurement been 111°. The
distance x1 between the center of the first laser 111 and the edge of the first micro-optical
component 151a is xI = 0.05 mm. A height of the first micro-optical component 151ais yl =
0.16 mm.

Fig. 9 shows a principal sketch of a part of a first optical device 150. The part
comprises the first micro-optical component 151a and a focusing element 151b. The focusing
element 151b is a lens with a size of less than 1 mm and the total height y2 of the part of the
optical device is y2 = 1.1 mm. The lens is arranged to focus the first measurement beam 111°
to focus region 155. Each of the lasers 111, 112, 113 is assigned to such a part of the first
optical device 150. The first micro-optical component 151a and the focusing element 151b
are shown as separate elements for clarity reasons. It may be preferred to integrate two or
three of such first micro-optical components 151a and two or three of such focusing elements
151b in one integrated optical device 150. It is also possible that one focusing element 151b
receives first measurement beams 111° from two, three, four or more first lasers 111 with
associated first micro-optical component 151a such that, for example, an array of lasers can
be used to emit a bundle of first measurement beams 111°. The same applies to the following
configurations discussed with respect to Fig. 9, 10, 11 and 12.

Fig. 10 shows a principal sketch of a second micro-optical component 151a.
The second micro-optical component 151a is in this case a toroidal micro-optical wedge
which is optically coupled preferably attached to the first laser 111 such that the first
measurement beam 111° is directed in the intended direction in order to enclose the
predefined angle with the other second measurement beam 112” and in case of a three-
dimensional laser sensor module also with the third measurement beam 113°. The distance x1
between the center of the first laser 111 and the edge of the second micro-optical component
151ais x1 = 0.04 mm. A height of the first micro-optical component 151ais y1 = 0.07 mm.

Fig. 11 shows a principal sketch of a part of a second optical device 150
comprising the second micro-optical component 151a described in Fig. 9, a second focusing

element 151b and an optional measurement window 151c. The second focusing element 151b
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is a lens similar as discussed with respect to Fig. 8. The total height of the second micro-
optical component 151a and the second focusing element 151b is y2 = 1.3 mm.

Fig. 12 shows a principal sketch of a third micro-optical component 151a. The
third micro-optical component 151a is in this case a replica wedge which is optically coupled
preferably attached to the first laser 111 such that the first measurement beam 111° is
directed in the intended direction. The distance x1 between the center of the first laser 111
and the edge of the second micro-optical component 151a is x1 = 0.04 mm. A height of the
first micro-optical component 151ais yl = 0.08 mm.

Fig. 13 shows a principal sketch of a part of a third optical device 150
comprising the third micro-optical component 151a described in Fig. 11, a third focusing
element 151b and an optional measurement window 151c. The third focusing element 151b is
a wedge lens the total height of the third micro-optical component 151a and the third
focusing element 151b is y2 = 1.3 mm.

Fig. 14 shows a principal sketch of a fourth micro-optical component 151a.
The third micro-optical component 151a is in this case a blazed grating which may be
optically coupled and attached to the first laser 111 such that the first measurement beam
111° is directed in the intended direction. This tilted grating structure may result in maximum
efficiency in one diffracted order. The grating pitch is in the order of 1 micron. Blazed
gratings may be placed in front of each laser at a different orientation in order to redirect the
measurement beams 111°, 112°, 113 in the intended direction. The first optical device may
comprise focusing elements 151b and an optional measurement window as described, for
example, with respect to Figs. 10 and 12.

Fig. 15 shows a principal sketch of a mobile communication devicel90
comprising a particle sensor 100. The particle sensor is adapted to emit a first measurement
beam 111" and a second measurement beam 112° which enclose an angle a = 90°. The
mobile communication device 190 comprises a user interface 191, a processing device 192
and a main memory device 193. The main processing device 192 is connected with the main
memory device 193 and with laser sensor module 100. The main processing device 192
comprises at least a part of the functionalities of evaluator 140 which are described above.
The main processing device 192 stores data related to particle detection in the main memory
device 193. In an alternative embodiment it may also be possible that the main processing
device 192 and the main memory device 193 are only used to prepare or adapt data provided
by means of the particle sensor 100 such that the data can be presented to a user of the mobile

communication device 190 by means of user interface 191. The particle sensor 100 is
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powered by means of a power supply of the mobile communication device 190. The mobile
communication device 190 may further comprise an orientation detection device (not shown).
The orientation detection device may, for example, be adapted to determine the relative
position of the mobile communication device 190 with respect to ground. The orientation
detection device may be coupled with evaluator 140 or the main processing device in order to
combine the data provided by means of the particle sensor 100 and data provided by means
of the orientation detection device. Coupling of the orientation detection device and the
particle sensor 100 may enable a more reliable detection of wind speed and particle density
and may also provide information about wind direction.

Fig. 16 shows a principal sketch of a method of particle detection. A first
measurement beam 111° is emitted by means of a first laser 111 in step 410. A second
measurement beam 112 is emitted by means of a second laser 112 in step 420. The first
measurement beam 111° and the second measurement beam 112° are redirected in step 430
such that the first measurement beam 111’ and the second measurement beam 112” enclose
an angle between 45° and 135°. In step 440 self-mixing interference signals of a first optical
wave within a first laser cavity of the first laser 111 and a second optical wave within a
second laser cavity of the second laser 112 are determined by means of one detector 120
within a predetermined time period. At least one average velocity based on the determined
self-mixing interference signals is determined in step 450. In step 460 a particle density is
determined based on the determined average velocity and a number of determined self-
mixing interference signals.

Fig. 17 shows 1 quadrant of an elliptical spot shape 506. Determining the
average velocity by the equation

vav=sqrt (2*(Xvi?)/n)
described above works well as long as the effective spot shape (cross-section perpendicular
to emission direction of the respective measurement beam 111°, 112°, 113’ in a measurement
volume) is essentially circular. For optical systems with a practical NA for particle detection,
typically the resulting spot has a very much elliptical cross-section as shown in Fig. 17 for
NA=0.10. An extension along the y axis 502 and x axis (out of plane in this drawing) in a
partial cross-section (upper right quadrant) of the spot shape perpendicular to the emission
direction is in this example much smaller than an extension along the z axis 504 (note the
difference in skales between the y axis 502 and the lowercase z axis 504). This results in
large differences in the chance that a particle will be detected when it is travelling along the y

axis 502 or the z axis 504. As a result, inaccuracies in the velocity measurements and
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consequently in the derived PM2.5 values are obtained. The inaccuracy depends on the angle
that the particles are travelling with respect to two orthogonally placed sensors as discussed
with respect to Fig. 18.

Fig. 18 shows an example of a dependence 516 of a error factor 512 on an
angle between emission direction and particle trajectory 514 (angle in degree) due to the
elliptical spot shape shown in Fig. 17. The numerical aperture (NA) of the optical device 150
of the laser sensor module or the particle sensor is in this example NA = 0.1. At angle zero
the particles travel along the optical axis of the first sensor, at angle 90 degree the particles
travel along the optical axis of the second sensor («=90). The investigations have shown that
the chance of hitting the optical beam due to the elliptical shape gets smaller, the time the
particle travels in the beam increases. This is also clear from Fig. 17. When the particle
travels along the z axis 504, the area for detection is relatively small. But the time the particle
is travelling in the beam is relatively long. So by using t *v? instead of v* for each
measurement effectively a measure for the spot volume instead of spot cross section is used
and the compents in the x-, y-, and z-direction are taken into account with the proper weight.

Vav=sqrt (2*(Cti*vi?)/n*tay),
with t; the time of the i-th measurement (i-th particle), v; the measured velocity of the i-th
paricle and tay=(t1+t2+...t;...+tn)/n with n the number of all detected particles in the
respective time period. The error factor due to elliptical beam is analysed again using the
equation with the weight. In this case the elliptical beam shape was simplified by a
rectangular box with dimensions having the maximum width and the maximum length of the
shapes as given in Fig. 17. The time is determined from the distance travelling through this
box as a function of angle. The result is given in Fig. 19.

Fig. 19 shows reduction of the error factor 512 as a function of the angle 514
(compensated error factor 518) taking into account elliptical spot shape by using the equation
with the weight. The error factor 512 is reduced for all angles to less than 20%. The time t
required to correct for the ellipticity is derived in the measurement by determination of the
signal duration. This can be done in the time domain, but also in the frequency domain bij
looking at the optimal blocksize for FFT detection of the particle. Evaluator 140 may
therefore be arranged to compensate an ellipticity of the spot shape in the measurement
volume (volume in which a particle crossing the respective measurement beam 111°, 112°,
113° provides sufficient feedback to generate a detectable self mixing interference signal) of

the respective measurement beam 111°, 112°, 113",
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It is a basic idea of the present invention to provide a simple laser sensor
module which comprises two or more lasers 111, 112, 113 preferably on one semiconductor
chip and only one preferably integrated detector 120 in combination with an optical device
150 for particle detection. The optical device 150 redirects measurement beams 111°, 1127,
113’ such that the measurement beams 111°, 112°, 113” all enclose the same angle of
preferably 90°. This configuration enables determination of an average velocity of the
particles despite of the fact that it is not possible to determine the components of the velocity
vector. The introduced error by means of statistical variations is acceptable because the
number of detected particles scales with the cubic root of the particle velocity. Consequently,
the error in number of particles due to the error in the determined velocity is smaller than the
error of the particle velocity.

While the invention has been illustrated and described in detail in the drawings
and the foregoing description, such illustration and description are to be considered
illustrative or exemplary and not restrictive.

From reading the present disclosure, other modifications will be apparent to
persons skilled in the art. Such modifications may involve other features which are already
known in the art and which may be used instead of or in addition to features already
described herein.

Variations to the disclosed embodiments can be understood and effected by
those skilled in the art, from a study of the drawings, the disclosure and the appended claims.
In the claims, the word "comprising" does not exclude other elements or steps, and the
indefinite article "a" or "an" does not exclude a plurality of elements or steps. The mere fact
that certain measures are recited in mutually different dependent claims does not indicate that
a combination of these measures cannot be used to advantage.

Any reference signs in the claims should not be construed as limiting the scope

thereof.
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List of reference numerals:
10 common bottom electrode
12 substrate
14 detection layer
15 detection electrode
16 bottom DBR
17 active layer
18 top DBR
19 top electrode
100 particle sensor
111 first laser
1nr first measurement beam
112 second laser
112 second measurement beam
113 third laser
113° third measurement beam
120 detector
130 electrical driver
135 interface
140 evaluator
150 optical device
151a micro-optical component
151b focusing element
151c measurement window
155 focus region
160 air conditioning system
162 air mover
164 filter system
190 mobile communication device
191 user interface
192 main processing device
193 main memory device

230 number of particles per minute

PCT/EP2017/061817
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240
242
244
210
220
222
224
310
322
324
410
420
430
440
450
460
502
504
506
512
514
516
518
o
x1
yl
y2
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number of lasers

detected particles in case of one detector for all lasers
detected particle in case of one detector per laser
probability

number of particles

probability of detecting corresponding number of particles
probability distribution function

frequency

frequency of detecting corresponding number of particles
distribution function of particles on the x and y detector
emitting first measurement beam

emitting second measurement beam

redirecting measurement beams

determining self-mixing interference signals
determining average velocity

determining particle density

extension along the y axis in micrometer

extension along the z axis in micrometer

elliptical spot shape

error factor

angle between emission direction and particle trajectory
error factor as function of angle

compensated error factor as function of angle

angle enclosed by measurement beams

radius of micro-optical component

height of micro-optical component

height of micro-optical component and focusing element
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CLAIMS:

L. A particle sensor (100) comprising a laser sensor module for detecting
particles, the laser sensor module comprises:

- at least a first laser (111) being adapted to emit a first measurement beam
(1117°) and at least a second laser (112) being adapted to emit a second measurement beam
(112%),

- an optical device (150) being arranged to redirect at least the first
measurement beam (111°) such that the first measurement beam (111°) and the second
measurement beam (112") enclose an angle between 45° and 135°,

- one common detector (120) being adapted to determine at least a first self-
mixing interference signal of a first optical wave within a first laser cavity of the first laser
(111) and at least a second self-mixing interference signal of a second optical wave within a
second laser cavity of the second laser (112),

- the particle sensor (100) further comprising an evaluator (140), wherein the
evaluator (140) is adapted to receive detection signals generated by the detector (120) in
reaction to the determined self-mixing interference signals, wherein the evaluator (140) is
further adapted to determine at least one average velocity of particles by means of the
detection signals received in a predetermined time period, and wherein the evaluator (140) is
further adapted to determine a particle density based on a number of self-mixing interference

signals determined in the predetermined time period and the at least one average velocity.

2. The particle sensor (100) according to claim 1, wherein the laser sensor
module comprises at least a third laser (113) being adapted to emit a third measurement beam
(113%), wherein the optical device (150) is arranged to redirect at least two of the
measurement beams (111°, 112°, 1137) such that the measurement beams (111°, 112, 113”)
mutually enclose the same angle, and wherein the detector (120) is adapted to determine at
least a third self-mixing interference signal of a third optical wave within a third laser cavity

of the third laser (113).
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3. The particle sensor (100) according to claim 1, wherein the measurement

beams (111°, 112°, 113”) mutually enclose an angle of 90°.

4. The particle sensor (100) according to claim 1, 2 or 3, wherein the at least first
laser (111) and the at least second laser (112) comprise semiconductor layers provided on a

common semiconductor chip.

5. The particle sensor (100) according to claim 4, wherein the detector (120) is

integrated in the semiconductor layers.

6. The particle sensor (100) according to claim 1, wherein the optical device

(150) comprises a grating.

7. The particle sensor (100) according to claim 4, wherein the optical device

(150) comprises a surface grating integrated in the semiconductor layers.

8. The particle sensor (100) according to claim 4, wherein the optical device
(150) comprises micro-optical components (151a) for redirecting the measurement beams
(111°, 112, 113”) emitted by the lasers (111, 112, 113), and wherein each micro-optical
component (151a) is attached to one laser (111, 112, 113).

9. The particle sensor (100) according to claim 8, wherein the optical device
(150) further comprises at least one focusing element (151b) associated to each measurement
beam (111°, 112°, 113”), wherein the at least one focusing element (151b) is arranged to

focus the respective measurement beam to a focus region (155).

10. The particle sensor (100) according to any one of the preceding claims, the
particle sensor (100) further comprising an electrical driver (130), wherein the electrical
driver (130) is adapted to electrically drive the lasers (111, 112, 113) such that the lasers emit

the measurement beams (111°, 112°, 113”).

1. An air purifier, a sensor box or a wearable device comprising the particle

sensor (100) according to any one of the preceding claims.
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12. A method of particle detection, the method comprising the steps of:

- emitting at least a first measurement beam (111°) by means of a first laser
(111),

- emitting at least a second measurement beam (112°) by means of a second
laser (112),

- redirecting at least the first measurement beam (111°) such that the first
measurement beam (111°) and the second measurement beam enclose an angle between45°
and 135°,

- determining at least self-mixing interference signals of a first optical wave
within a first laser cavity of the first laser (111) and at least a second optical wave within a
second laser cavity of the second laser (112) by means of one common detector (120) within
a predetermined time period,

- determining at least one average velocity based on the determined self-
mixing interference signals,

- determining a particle density based on the determined average velocity and
a number of self-mixing interference signals determined within the predetermined time

period.

13. The method according to claim 12, wherein the method comprises the
additional steps of:

- determining at least a first average velocity based on self-mixing interference
signals determined in a first time period,

- determining at least a second average velocity based on self-mixing
interference signals determined in a second time period,

- determining the number of determined self-mixing interference signals in the
predetermined time period comprising the first and the second time period,

- determining the particle density based on the at least first average velocity,
the at least second average velocity and the corresponding number of determined self-mixing

interference signals.

14. A computer program product comprising code means which can be saved on
at least one memory device comprised by the particle sensor (100) according to any one of
claims 1-10 or on at least one memory device of a device comprising the particle sensor

(100), wherein the code means are arranged such that the method according to any one of
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claims 12 or 13 can be executed by means of at least one processing device comprised by the
particle sensor (100) or by means of at least one processing device of the device comprising

the particle sensor (100).
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