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Methods and Devices for Detecting Open and/or Shorts Circuits in
MEMS Micro-Mirror Devices

Field of the invention

[0001] The present invention concerns methods and devices for
detecting open and/or short circuits in MEMS micro-mirror devices, which
use relative comparisons of voltage levels within the MEMS micro-mirror
devices for detecting open and/or short circuits.

Description of related art

[0002] A MEMS micro-mirror device is a device that contains an optical
MEMS (Micro-Electrical-Mechanical-System). The optical MEMS micro-mirror
device may comprise an elliptical, cylindrical, rectangular, square or random
shape micro-mirror that is adapted to move and to deflect light over time.
The micro-mirror is typcially connected by torsional arms to a fixed part and
can tilt and oscillate along one or two axis. For example it can oscillate
vertically and horizontally. Different actuation principles can be used,
including electrostatic, thermal, electro-magnetic or piezo-electric. MEMS
micro-mirror devices are known in which the area of these micro-mirrors
are around a few mm?. In this case, the dimensions of the MEMS micro-
mirror device, comprising the packaging, is around ten mm?. This MEMS
micro-mirror device is usually made of silicon, and can comprise a package
that can include the driving actuation electronics. Various optical
components, such as for example lenses, beam combiner, quarter-wave
plates, beam splitter and laser chips, are assembled with the packaged
MEMS to build a complete system.

[0003] A typical application of the MEMS micro-mirror devices is for
optical scanning and projection systems. In a projection system, a 2-D or 3-D
image or video can be displayed on any type of projection surface. In a
colour system, each pixel of the image is generated by combining
modulated red, green and blue laser light, by means of, for example, a
beam combiner, to generate a combined light beam which defines a pixel
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of the image or video. The MEMS micro-mirror in the MEMS micro-mirror
device directs the combined light beam to a projection surface where the
pixel of the image or video is displayed. Successive pixels of the image or
video are display in this manner. By means of its oscillations, the MEMS
micro-mirror within the MEMS micro-mirror device will continuously scan
the combined light beam from left to right and from top to bottom (or
according to a different trajectory including e.g. Lissajou trajectories) so
that all the pixels of the image, or video, are displayed on the projection
surface, successively, pixel-by-pixel. The MEMS micro-mirror will oscillate
about its oscillation axes at a frequency which ensures that the combined
light beam is scanned across the projection surface at such a speed that a
complete image is visible to a person viewing. A projection device which
uses a MEMS micro-mirror to scan light across a projection surface is
commonly referred to as a MEMS micro-mirror projection device.

[0004] Typically, the MEMS micro-mirror in a MEMS micro-mirror
projection deviceis able to oscillate along a single oscillation axis.
Therefore, in order to display a 2-D image on a screen a projection system
will require two MEMS micro-mirrors; a first MEMS micro-mirror which is
required to scan the combined light beam along the horizontal and a
second MEMS micro-mirror which is required to scan the combined light
beam along the along the vertical. Alternatively the MEMS micro-mirror in
a MEMS micro-mirror projection devicecould be configured such that it can
be oscillated about two orthogonal oscillation axes.

[0005] Referring now to Figures 1a and 1b which show a MEMS micro-
mirror component 1 of a MEMS micro-mirror projection device. Figure 1a
provides a plan view of the MEMS micro-mirror component 1 and Figure 1b
shows a cross sectional view of the MEMS micro-mirror component1, taken
along A-A’ of Figure 1a.

[0006] The MEMS micro-mirror component 1 of theMEMS micro-mirror
projection devicecomprises a first support frame 2. A first torsional arm 3a
and second torsional arm 3b connect a MEMS micro-mirror 4 to the support
frame 2. In this embodiment the support frame 2 is fixed (i.e. immovable).
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The first and second torsional arms 3a,b define a first oscillation axis 7 for
the MEMS micro-mirror 4. A first conduction coil 5 is supported on, and
connected to, the MEMS micro-mirror 4. The first conduction coil 5 is
arranged to extend, from a first electrical contact 9a which is located on
the support frame 2, along the first torsional arm 3a, around the perimeter
of the MEMS micro-mirror 4 and back along the first torsional arm 3a to a
second electrical contact 9b which is located on the support frame 2. In the
MEMS micro-mirror component 1the conduction coil 5 is shown to be
arranged to have one turn on MEMS micro-mirror 4; it will be understood
that the conduction coil 5 may extend around the MEMS micro-mirror 4 any
number of times so as to define any number of turns on the MEMS micro-
mirror 4.

[0007] Collectively, the first support frame 2, first and second torsional
arms 3a,b and the MEMS micro-mirror 4, and first conduction coil 5, define
collectively what is referred to as a MEMS die 10. As shown in Figure 1b the
MEMS die 10 is arranged in cooperation with a magnet 6 such the first
conduction coil 5 is submerged in the magnetic field ‘B’ generated by the
magnet 6.

[0008] During use an electric current ‘I’ is passed through the first
conduction coil 5. As the first conduction coil 5 is submerged in the
magnetic field ‘B’ created by the magnet 6, the conduction coil 5 will
provide a Laplace force which will be applied to the MEMS micro-mirror 4.
The Laplace force will cause the MEMS micro mirror 4 to move about its
first oscillation axis 7. The electric current ‘I’ which is passed through the
first conduction coil 5 is configured for example to be sinuous or square, so
that the MEMS micro-mirror 4 is continuously oscillated about its first
oscillation axis 7. If the MEMS micro-mirror 4 reflects light as it is oscillating
about the first oscillation axes 7, light reflected by the MEMS micro-mirror
4 will be scanned along the horizontal or vertical. This will, for example,
enable combined light beams which the MEMS micro mirror 4 receives, to
be scanned across the projection screen.
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[0009] It should be understood that the MEMS micro-mirror component
1could alternatively comprise a MEMS micro-mirror which can oscillate
about two orthogonal oscillation axes; in such a case the MEMS micro
mirror component 1 will typically comprise a second conduction coil. Such a
MEMS micro-mirror component 1could scan light in two dimensions (e.g.
along the horizontal and vertical) when the conduction coils conduct
current.

[0010] If a short circuit or open circuit occurs in the conduction coil 5
which drives the MEMS micro-mirror 4 to oscillate about the oscillation axes
7, then the MEMS micro-mirror 4 will stop oscillating; as a result light
reflected by the MEMS micro-mirror 4 would no longer be scanned but
would be concentrated along a single direction to a single point on the
display screen. The high concentration of light which is reflected in the
single direction can damage eyes of person. Accordingly, is it necessary to
quickly detect the occurrence of open or short circuits in MEMS mirror
projection devices so that the MEMS mirror projection devices can be
quickly shut-down in the event of an open or short circuit, so as to avoid
damaging a person’s eyes.

[0011] Typically the detection of open or short circuits in MEMS micro-
mirror projection devices is achieved by measuring the voltage which is
across the MEMS micro-mirror 4 and comparing the measured voltage to a
reference voltage. The voltage across the MEMS micro-mirror 4 will increase
in the case of an open or short circuit; thus if the measuring the voltage
across the MEMS micro-mirror 4 exceeds the reference voltage then a short
or open circuit is detected. When a short or open circuit is detected the
MEMS micro-mirror projection device is usually automatically shut-down so
as to avoid damaging the eyes of a person. However, the voltage across the
MEMS micro-mirror 4 and the reference voltage are each affected by
temperature; the temperature of MEMS micro-mirror projection device will
increase during use and this increase in temperature affects the voltage
across the MEMS micro-mirror 4 and the reference voltage. Accordingly, the
measured voltage across the MEMS micro-mirror 4 may exceed the
reference voltage due to changes in temperature alone and not due to the
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occurrence of an open or short circuit. Thus, current methods is can
erroneously indicate the occurrence of an open or short circuit in the MEMS
micro-mirror projection device, which leads to unnecessary shut-down of
the device.

[0012] Another approach to the detection of open or short circuits in
MEMS micro-mirror projection devices involves the use of PLL(i.e. a phase
locked loop, which is a circuit that provides constant phase shift between
two signals). However the problem with this approach is that it is slow to
detect an open or short circuit. Therefore, there is a long period between
the actual occurrence of the open or short circuit in MEMS micro-mirror
projection device and the shutting-down of the MEMS mirror projection
device. There is a high risk that the eyes of a person become damaged
during in the period between the actual occurrence of the open or short
circuit and the shutting-down of the MEMS micro-mirror projection device.

[0013] Itis an aim of the present invention to obviate or mitigate at
least some of the above-mentioned disadvantages.

Brief summary of the invention

[0014]  According to the invention, these aims are achieved by means of
a MEMS mirror device comprising, a H bridge circuit; a MEMS mirror which
is connected as a load to the H bridge circuit so that voltage can be
selectively applied across the MEMS mirror in either direction; and a current
source which is connected to the H bridge circuit; wherein the MEMS mirror
device further comprises, a means for comparing the voltages at a first and
second side of the MEMS mirror to a voltage across the current source, so
that an open circuit in the MEMS mirror device can be detected.

[0015] The H bridge circuit and/or the comparator and/or any other
circuit blocks or features, and the MEMS mirror may be provided on
separate, mechanically independent, silicon wafers or may be provided on
the same silicon wafer.
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[0016] Advantageously the present invention compares relative levels in
the device in order to detect the occurrence of a short or open circuit. The
detection of a short or open circuits therefore independent of temperature
changes in the device, changes in bias currents, changes in resistances.
Accordingly the occurrence of a short or open circuit can be detected more
accurately.

[0017]  The first and second sides of the MEMS mirror are preferably
opposite sides of the MEMS mirror where an actuation coil on the MEMS
mirror is electrically connected to the H bridge circuit. A actuation coil is a
coil which can conduct current to effect oscillation of the MEMS mirror
about one or more oscillation axes.

[0018] The means for comparing may comprise an IC circuit

[0019] The means for comparing may comprise an Analogue-to-Digital
converter.

[0020] The current source may comprise a first and second transistor
connected in series.

[0021] The means for comparing may comprise,

a first comparator;

a second comparator; and

an OR gate;

wherein outputs of the first and second comparator are arranged
to be input to the OR gate, and

wherein the voltage at the first side of the MEMS mirror and the
voltage across the current source are inputs to the first comparator and the
voltage at the second side of the MEMS mirror and the voltage across the
current source are inputs to the second comparator.

[0022] The current source may comprise a first and second transistor
connected in series and the means for comparing is configured to compare
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voltages at the first and second sides of the MEMS mirror to a voltage at a
junction between the first and second transistors.

[0023] The means for comparing may comprise,

a first comparator;

a second comparator; and

an OR gate;

wherein outputs of the first and second comparator are arranged
to be input to the OR gate, and

wherein the voltage at the first side of the MEMS mirror and the
voltage at the junction between the first and second transistors are inputs
to the first comparator and the voltage at the second side of the MEMS
mirror and the voltage at the junction between the first and second
transistors are inputs to the second comparator.

[0024]  According to a further aspect of the present invention there is
provided a MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge
circuit so that voltage can be selectively applied across the MEMS mirror in
either direction; and

a current source which is connected to the H bridge circuit
wherein current source comprises a first and second transistor connected in
series; wherein the MEMS mirror device further comprises,

a means for comparing which is configured to compare voltage
across the first and second transistors to voltage at a junction between the
first and second transistors to detect an open circuit.

[0025] The means for comparing may comprise a single comparator
wherein the voltage across the first and second transistors and the voltage
at a junction between the first and second transistors are inputs to the
single comparator.

[0026] According to a further aspect of the present invention there is
provided a method for detecting an open circuit in the MEMS mirror device
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comprising, a H bridge circuit; a MEMS mirror which is connected as a load
to the H bridge circuit so that voltage can be selectively applied across the
MEMS mirror in either direction; and a current source which is connected to
the H bridge circuit; wherein the MEMS mirror device further comprises, a
means for comparing the voltages at a first and second side of the MEMS
mirror to a voltage across the current source, so that an open circuit in the
MEMS mirror device can be detected, the method comprising the step of,

comparing voltages at first and second sides of the MEMS mirror
to a voltage across the current source,

detecting a change in result of the comparison to indentify the
occurrence of an open circuit in the MEMS mirror device.

[0027] The step of comparing voltages at first and second sides of the
MEMS mirror to a voltage across the current source may comprise,
comparing the voltage at the first side of the MEMS mirror to

the voltage across the current source using a first comparator, and,

comparing the voltage at the second side of the MEMS mirror to
the voltage across the current source using a second comparator, and,

passing the output of the first and second comparators through a
OR gate; and

wherein the step of detecting a change in the result of the
comparison to indentify the occurrence of an open circuit in the MEMS
mirror device comprises,

detecting a change in the output of the OR gate.

[0028] In any of the above-mentioned methods, the current source in
said MEMS mirror device comprises a first and second transistor connected
in series, and

the step of comparing voltages at first and second sides of the
MEMS mirror to a voltage across the current source may comprise,

comparing the voltage at the first side of the MEMS mirror to a
voltage at a junction between the first and second transistors using a first
comparator, and,

comparing the voltage at the second side of the MEMS mirror to
the voltage at a junction between the first and second transistors using a
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second comparator, and,

passing the output of the first and second comparators through a
NOR gate; and, wherein the step of detecting a change in the result of the
comparison to indentify the occurrence of an open circuit in the MEMS
mirror device comprises,

detecting a change in the output of the NOR gate.

[0029] The method may comprise the steps of

comparing voltage across the first and second transistors to
voltage at a junction between the first and second transistors to detect an
open circuit using a comparator; and

wherein the step of detecting a change in result of the
comparison to indentify the occurrence of an open circuit in the MEMS
mirror device comprises,

detecting a change in the output of the comparator.

[0030] According to a further aspect of the present invention there is
provided a MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge
circuit so that voltage can be selectively applied across the MEMS mirror in
either direction; and

a current source which is connected to the H bridge circuit;
wherein the MEMS mirror device further comprises

a means for comparing the voltages at a first and second side of
the MEMS mirror, so that a short circuit in the MEMS mirror device can be
detected.

[0031] The first and second sides of the MEMS mirror are preferably
opposite sides of the MEMS mirror where an actuation coil on the MEMS
mirror is electrically connected to the H bridge circuit. An actuation coil is a
coil which can conduct current to effect oscillation of the MEMS mirror
about one or more oscillation axes.

[0032] The means for comparing may comprise an IC circuit
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[0033] The means for comparing may comprise an Analogue-to-Digital
converter.

[0034] The means for comparing may comprise,

a first comparator;

a second comparator; and

an XNOR gate;

wherein outputs of the first and second comparator are arranged
to be input to the XNOR gate, and

wherein the voltage at the first side of the MEMS mirror and the
at the voltage at the second side of the MEMS mirror are inputs to the first
comparator and the voltage at the first side of the MEMS mirror and the at
the voltage at the second side of the MEMS mirror are inputs to the second
comparator.

[0035] The means for comparing may comprise,

a single XNOR gate wherein a ground pin of the XNOR gate is
electrically connected so as to have the same potential as the voltage across
the current source, and

wherein the voltage at the first side of the MEMS mirror is a first
input to the XNOR gate and the voltage at the second side of the MEMS
mirror is a second input to the XNOR gate.

[0036] Preferably the ground pin of the XNOR gate is electrically
connected to a junction which is between the H-bridge and the current
source.

[0037] According to a further aspect of the present invention there is
provided a method for detecting a short circuit in the MEMS mirror device
which comprise, a H bridge circuit; a MEMS mirror which is connected as a
load to the H bridge circuit so that voltage can be selectively applied across
the MEMS mirror in either direction; and a current source which is
connected to the H bridge circuit; wherein the MEMS mirror device further
comprises a means for comparing the voltages at a first and second side of
the MEMS mirror, so that a short circuit in the MEMS mirror device can be
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detected, the method comprising the step of,
comparing the voltages at the first and second side of the MEMS
mirror, so that a short circuit in the MEMS mirror device can be detected,
detecting a change in result of the comparison to indentify the
occurrence of a short circuit in the MEMS mirror device.

[0038] The step of comparing the voltages at the first and second side of
the MEMS mirror, so that a short circuit in the MEMS mirror device can be
detected, may comprise,

comparing the voltage at the first side of the MEMS mirror to the
voltage at the second side of the MEMS mirror, using a first comparator,
and,

comparing the voltage at the first side of the MEMS mirror to the
voltage at the second side of the MEMS mirror, using a second comparator,
and,

passing the output of the first and second comparators through
an XNOR gate; and wherein the step of detecting a change in the result of
the comparison to indentify the occurrence of a short circuit in the MEMS
mirror device comprises,

detecting a change in the output of the XNOR gate.

[0039] The step of comparing the voltages at the first and second side of
the MEMS mirror, so that a short circuit in the MEMS mirror device can be
detected, may comprise,

providing the voltage at the first side of the MEMS mirror as a
first input to a single XNOR gate which has its ground electrically
connected so as to have the same potential as the voltage across the
current source;

providing the voltage at the second side of the MEMS mirror as a
second input to the single XNOR gate; and

wherein the step of detecting a change in the result of the
comparison to indentify the occurrence of a short circuit in the MEMS
mirror device comprises,

detecting a change in the output of the XNOR gate.
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[0040] According to a further aspect of the present invention there is
provided a MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge
circuit so that voltage can be selectively applied across the MEMS mirror in
either direction; and

a current source which is connected to the H bridge circuit;
wherein the MEMS mirror device further comprises

a means for comparing voltage across the current source to an
reference voltage to detect a short circuit in the MEMS mirror device.

[0041] The reference voltage may be an average value for the voltage
across a current source over a predefined period of time.

[0042] The means for comparing may comprise,

a comparator; and

a low pass filter which is electrically connected to a junction
between the H bridge and current source;

wherein a first input of the low pass filter is electrically

connected to a junction between the H bridge and current source so that
the first input to the comparator is at a voltage which is equal to the
voltage across the current source, and wherein a second input to the
comparator is electrically connected to low pass filter so that the second
input to the comparator is at a voltage which is equal to the voltage across
the low pass filter.

[0043] The low pass filter can store previous voltages across the current
source. The voltage across the low pass filter is therefore the average value
for the voltage across a current source over a predefined period of time..
The low pas filter may comprise one or more capacitors.

[0044] The means for comparing further may comprise a buffer which is
electrically connected between said junction and capacitor.
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[0045] The means for comparing further may comprise a means for
providing an offset to the average value for the voltage across a current
source.

[0046] A method for detecting a short circuit in the MEMS mirror device
which comprises a H bridge circuit; a MEMS mirror which is connected as a
load to the H bridge circuit so that voltage can be selectively applied across
the MEMS mirror in either direction; and a current source which is
connected to the H bridge circuit; wherein the MEMS mirror device further
comprisesa means for comparing voltage across the current source to an
reference voltage to detect a short circuit in the MEMS mirror device, the
method comprising the step of,

comparing voltage across the current source to an reference
voltage;

detecting a change in result of the comparison to indentify the
occurrence of a short circuit in the MEMS mirror device.

[0047] The reference voltage may be an average value for the voltage
across a current source over a predefined period of time.

[0048] The method may comprise the step of storing voltage across the
current source using a low pass filter. Storing voltage across the current
source in the low pass filter ensures that the voltage across the low pass
filter is representative of the average value for the voltage across a current
source over a predefined period of time.

[0049] The method may comprise the step of comparing the voltage
across the low pass filter to a comparator which is used to compare the
voltage across the current source to an average value for the voltage across
a current source, using a buffer.

[0050] The method may comprise the step of applying an offset to the
average value for the voltage across a current source. Preferably the offset
is applied before the voltage across the current source to an average value
for the voltage across a current source.
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[0051] Preferably the offset is applied by the comparator. Preferably the
comparator comprises an intrinsic offset at its input.

[0052] The means for comparing voltage across the current source to an
reference voltage to detect a short circuit in the MEMS mirror device may
comprise,

an analogue to digital converter which is electrically connected
to a junction between the H bridge and current source so that the
analogue to digital converter can convert the voltage across the current
source to a digital value; and

a comparator which is arranged to compare the digital value for
the voltage across the current source to a reference digital value which is
representative of said reference voltage.

[0053] The step of comparing voltage across the current source to an
reference voltage may comprise, converting the voltage which is across the
current source from an analogue signal to a digital value, and comparing
the digital value to reference digital value which is representative of said
reference voltage.

[0054] The means for comparing may comprise a first and second
comparator, wherein a first input of the first comparator is electrically
connected to a junction between the H bridge and current source so that
the first input has a voltage equal to the voltage across the current source,
and a second input of the first comparator is provided with a first reference
voltage; and

wherein a second input of the second comparator is electrically
connected to a junction between the H bridge and current source so that
the second input has a voltage equal to the voltage across the current
source, and a first input of the second comparator is provided with a
second reference voltage.

[0055] The means for comparing may comprise a first, second and third
resistor, which are connected in series, and voltage is applied across the
first, second and third resistors such that the voltage at a junction between
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the first and second resistors define the first reference voltage and the
voltage at a junction between the second and third resistors define the
second reference voltage.

[0056] The means for comparing may comprise a first and second digital
to analogue convertor, wherein the first and second digital to analogue
convertors can receive first and second digital reference inputs respectively,
and wherein the output of the first digital convertor defines the first
reference voltage and the output of the first digital convertor defines the
second reference voltage.

[0057] A MEMS mirror device may further comprise a controller which
can shut off the MEMS mirror device if an open circuit and/or short circuit is
detected.

[0058] It will be understood that in each of the above-mentioned
embodiment a first input of a comparator will be a positive input node of
the comparator and a second input of that comparator will be a negative
input node of the comparator. Or, the first input of a comparator will be a
negative input node of the comparator and a second input of that
comparator will be a positive input node of the comparator.

Brief Description of the Drawings

[0059] The invention will be better understood with the aid of the
description of embodiments of the present invention, which are given by
way of example only, and illustrated by the figures, in which:

Fig. 1a shows an aerial view of a known MEMS micro-mirror
device; Fig. 1b shown a cross sectional view of the MEMS micro-
mirror device shown in Fig. 1a along A-A’;

Fig. 2a shows a H-bridge with a MEMS mirror connected as a load
to the H bridge, and a current source; Fig 2b shows voltages at
points A,B,C and D of Fig. 2a;
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Fig. 3 shows voltages at points A,B,C and D of Fig. 1a in the case
of an open circuit occurring in an conduction coil of the MEMS
micro-mirror;

Fig. 4 shows voltages at points A,B,C and D of Fig. 1a in the case
of a short circuit occurring in a conduction coil of the MEMS
micro-mirror;

Fig. 5 shows a MEMS mirror device according to a first
embodiment of the present invention, in which an open circuit
can be detected;

Fig. 6 shows a MEMS mirror device according to a further
embodiment of the present invention in which an open circuit
can be detected;

Fig. 7 shows a MEMS mirror device according to a further
embodiment of the present invention in which an open circuit
can be detected;

Fig. 8 shows a MEMS mirror device according to a further
embodiment of the present invention in which a short circuit can
be detected,;

Fig. 9 shows a MEMS mirror device according to a further
embodiment of the present invention in which a short circuit can
be detected,;

Fig. 10 shows a MEMS mirror device according to a further
embodiment of the present invention in which a short circuit, as
well as a partial short circuit, can be detected;

Fig. 11 shows a MEMS mirror device according to a further
embodiment of the present invention in which a short circuit, as
well as a partial short circuit, can be detected;
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Fig. 12shows a MEMS mirror device according to a further
embodiment of the present invention in which a short and open
circuit can be detected.

Detailed Description of possible embodiments of the Invention

[0060] Fig. 2a shows a circuit 20 which comprises a H-bridge circuit 21
with a MEMS micro-mirror 22 connected as a load to the H bridge circuit
21so that voltage can be selectively applied across the MEMS micro-mirror
22 in either direction.

[0061] Asis known in the art the H-bridge circuit 21 comprises a first p-
transistor (P») electrically connected in series with a first n-transistor (Na),
and a second p-transistor (Pg) electrically connected in series with a second
n-transistor (Ng). The first p- and n-transistors (Pa,Na) are electrically
connected in parallel to the second p- and n-transistors (Pg,Ng).

[0062] The MEMS micro-mirror 22 connected as a load to the H bridge
circuit 21 by mean of a conduction coil 28. The conduction coil 28
cooperates with the MEMS micro-mirror 22 and can conduct current in a
magnetic field so as to generate a Lorentz force which can oscillate the
MEMS micro-mirror 22 about an oscillation axis. The conduction coil 28
therefore actuates the MEMS micro-mirror 22 to oscillate about an
oscillation axis by conducting current. The conduction coil 28 is electrically
connected to the H-bridge circuit 21 at opposite sides (first and second
sides) of the MEMS micro-mirror 22, at points A and B.

[0063] The top 26 of the H-bridge circuit 21 is electrically connected to a
power source (Vpp) and the bottom 24 of the H-bridge circuit 21 is
electrically connected to a current source 23 which is grounded (gnd).The
H-bridge circuit 21 is electrically connected to a current source 23 at point
C. The current source 23 comprises a first and second n-transistors 25a,b
which are connected in series; the junction between the first and second n-
transistors 25a,b is point D.
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[0064] Fig 2b shows voltages at the points A,B,C and D of the circuit20
shown in Fig. 2a, when the circuit 20 is in normal operation. During normal
operation current will pass either of two routes; the first route is from
power source (Vpp), through the first p-transistor (P»), through the
conduction coil 28 from the left to the right hand side of the MEMS micro-
mirror 22, through the second n-transistor (Ng) and through the current
source 23 to ground (gnd); and the second route is from power source
(Vop), through the second p-transistor (Pg), through the conduction coil 28
from the right to the left hand side of the MEMS micro-mirror 22, through
the first n-transistor (Na) and through the current source 23 to ground
(gnd). For both the first and second routes, a voltage drop (Unm) will occur
across the MEMS micro-mirror 22 as the current passes through the
conduction coil 28; therefore the voltage at A and B will always be opposite
in phase (i.e. A and B can have only two values: Vdd or Vdd-Um; so if A is at
Vvdd, B will be at Vdd-Um, and if A is at Vdd-Um, B will be at Vdd) when
current follows along the first route then the voltage at A is equal to
Vddand the voltage at B will be is equal to Vdd-Um; when current follows
along the second route then the voltage at A is equal to Vdd-Um the
voltage at B will be is equal to Vdd, as is illustrated in the graphs of Fig. 2b.

[0065] It should also be noted that the voltages which are at A and B
will always be greater than the voltage which is at C (Vi) i.e. (Vdd-
Um)>Vyr, and Vdd>Vyr. Furthermore, the voltage at C (Vyr) will always be
greater than the voltage at D, due to the voltage drop which occurs across
the second n-transistor 25b of the current source 23.

[0066] Fig. 3 shows voltages at points A,B,C and D of Fig. 1a in the case
of an open circuit occurring in the conduction coil 28 of the MEMS micro-
mirror 22. When an open circuit occurs the voltage drop across the MEMS
micro-mirror 22 becomes Vpp (i.e. Um is equal to +Vpp or -Vpp depending on
whether the current is passing along the first or second routes through the
H-bridge); thus when the voltage at A is Vpp the voltage at B is ‘0" and
when the voltage at B is Vpp the voltage at A is ‘0".Accordingly, the current
through the current source 23 goes to ‘0’, and importantly, the voltage at C
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becomes equal to the voltage at D, and is equal to ‘0", as is illustrated in the
graphs of Fig. 3.

[0067] Fig. 4 shows voltages at points A,B,C and D of Fig. 1a in the case
of a short circuit occurring in the conduction coil 28 of the MEMS micro-
mirror 22. As mentioned with reference to Figure 2b, during normal
operation, the voltage at A and B will always be opposite in phase (i.e. A
and B can have only two values: Vdd or Vdd-Um; so if A is at Vdd, B will be
at Vdd-Um, and if A is at Vdd-Um, B will be at Vdd); when current follows
along the first route then the voltage at A is equal to Vdd and the voltage
at B will be is equal to Vdd-Um; when current follows along the second
route then the voltage at A is equal to Vdd-Um the voltage at B will be is
equal to Vdd. However, when a short circuit occurs in the conduction coil
28 of the MEMS micro-mirror 22, A and B will have the same potential;
specifically when a short circuit occurs the voltage at A will be equal to Vdd
and the voltage at B will be is equal to Vdd, as is illustrated in the graphs of
Fig. 4.

[0068] Fig. 5a shows a MEMS micro-mirror device50 according to a first
embodiment of the present invention, in which an open circuit can be
detected. The MEMS micro-mirror device 50 comprises a circuit 51 which
has all of the features of the circuit 20 shown in Fig. 2a and like features
are awarded the same reference numbers.

[0069] The MEMS micro-mirror device 50 further comprises a means for
comparing 52,which is configured to compare the voltages at first and
secondsides58a,58b of the MEMS micro-mirror 22to the voltage across the
current source 23(Vur), so that an open circuit in the MEMS mirror device 50
can be detected. Specifically, the means for comparing 52, compares the
voltages at points A and B to the voltage across the current source 23 (Vur),
so that an open circuit in the MEMS mirror device 50 can be detected.

[0070] The means for comparing 52 comprises an IC circuit which
comprises a first comparator 53 which has an output (E); a second
comparator 54 which has an output (F); and a OR gate 55 which has an
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output (G). Outputs (E,F) of the first and second comparators 54are
arranged to be input to the OR gate 55. The voltage at the first side 58a of
the MEMS micro-mirror 22(i.e. the voltage at point A) and the voltage
across the current source 23 (Vur) (i.e. the voltage at point C), are inputs to
the first comparator 53, and the voltage at the second side 58b of the
MEMS micro-mirror 22(i.e. the voltage at point B)and the voltage across the
current source 23 (VuR) (i.e. the voltage at point C), are inputs to the second
comparator 54. A voltage offsetting means 59 is further provided for
providing an voltage offset (Uoff) to the voltage across the current source
23 (VuR) (i.e. the voltage at point C) before it is input to the first and second
comparators 23 respectively.

[0071]  Fig. 5b show the voltages at points A-C and the Boolean values at
outputs E-G, of theMEMS micro-mirror device 50 shown in Fig. 5a when an
open circuit occurs.At time t, the MEMS micro-mirror device 50 undergoes
normal operation. During normal operation at least one of voltages at
points A and B will always be greater than the voltage across the current
source 23 (Vur) (i.e. the voltage at point C) plus the voltage offset (Uoff)
which is the input offset of the comparator (i.e. at least one of voltages at
points A and B will always be greater than ‘Vur + Uoff’); accordingly the
Boolean values at the outputs E and F will be ‘0’ and the Boolean value at
the output of the OR gate 55 will be ‘0. The voltage offset (Uoff) is built by
a size asymmetry between transistors of the comparator input.

[0072] At time t; an open circuit occurs in the conduction coil 28 of the
MEMS micro-mirror 22 which causes the MEMS micro-mirror 22 to stop
oscillating. The voltage across the current source 23 (VuR) (i.e. the voltage at
point C) will go to ‘0", and the voltages at points A and B will alternately
equal Vpp and ‘0" as shown. Accordingly, the voltages at points A and B will
alternately be smaller than the voltage across the current source 23 (Vig)
(i.e. the voltage at point C) plus the voltage offset (Uoff) which is the input
offset of the comparator (i.e. the voltages at points A and B will alternately
be smaller than ‘Vyr + Uoff’) causing the Boolean values at outputs E and F
to be alternately be 1 and 0, as shown in Figure 5b. Accordingly the
Boolean value at the output G of the OR gate 55 will go to ‘1" when an
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open circuit occurs in the conduction coil 28. The detection of an open
circuit can be achieved by monitoring the output G of the OR gate 55 for
when its Boolean value changes from ‘0’ to ‘1'.

[0073] The MEMS micro-mirror device 50 may further comprise a control
unit which is operatively connected to the output G of the OR date 55, and
is configured to automatically shut-down the MEMS micro-mirror device 50
when the output G of the OR gate 55 changes from ‘0’ to “1'.

[0074] Fig. 6a shows a MEMS mirror device60 according to a further
embodiment of the present invention in which an open circuit can be
detected. The MEMS mirror device 60 has many of the same features as the
MEMS mirror device 50 shown in Figure 5a, and like features are awarded
the same reference numbers. The MEMS micro-mirror device 60 comprises
a circuit 61 which has all of the features of the circuit 20 shown in Fig. 2a
and like features are awarded the same reference numbers.

[0075] The difference between the MEMS mirror device 60 in Fig.6a and
the MEMS mirror device 50 in Fig. 5a is that in the MEMS mirror device 60
the voltage at point D (i.e. the voltage at the junction between the first
and second n-transistors 25a,b of the current source 23) is used for the
comparison. Specifically, the MEMS mirror device 60 comprises a means for
comparing 62 which is configured to compare the voltage at the first side
58a of the MEMS micro-mirror 22 (i.e. the voltage at point A) to the voltage
at the junction between the first and second n-transistors 25a,b of the
current source 23 (i.e. the voltage at point D), and for comparing the
voltage at the second side 58b of the MEMS micro-mirror 22 (i.e. the
voltage at point B) to the voltage at the junction between the first and
second n-transistors 25a,b of the current source 23 (i.e. the voltage at point
D).

[0076] The means for comparing 62 comprises an IC circuit which
comprises a first comparator 63 which has an output (E); a second
comparator 64 which has an output (F); and a OR gate 65 which has an
output (G). Outputs (E,F) of the first and second comparators 63,64 are
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arranged to be input to the OR gate 65. The voltage at the first side 58a of
the MEMS micro-mirror 22 (i.e. the voltage at point A) and the voltage at
the junction between the first and second n-transistors 25a,b of the current
source 23 (i.e. the voltage at point D), are inputs to the first comparator 63,
and the voltage at the second side 58b of the MEMS micro-mirror 22 (i.e.
the voltage at point B) and the voltage at the junction between the first
and second n-transistors 25a,b of the current source 23 (i.e. the voltage at
point D), are inputs to the second comparator 64. The voltage offsetting
means 69 if further provided to provide an voltage offset (Uoff) to the
voltage at the junction between the first and second n-transistors 25a,b of
the current source 23 (i.e. the voltage at point D) before it is input to the
first and second comparators 63,64 respectively.

[0077] Fig. 6b show the voltages at points A-D and the Boolean values at
outputs E-G, of theMEMS micro-mirror device 60 shown in Fig. 6a when an
open circuit occurs. At time t, the MEMS micro-mirror device 60 undergoes
normal operation. During normal operation at least one of voltages at
points A and B will always be greater than the voltage at the junction
between the first and second n-transistors 25a,b of the current source 23
(i.e. the voltage at point D) plus the voltage offset (Uoff) which is the input
offset of the comparator (i.e. at least one of voltages at points A and B will
always be greater than ‘Voltage at point D + Uoff’); accordingly the
Boolean values at the outputs E and F will be ‘0’ and the Boolean value at
the output of the OR gate 65 will be ‘0.

[0078] At time t; an open circuit occurs in the conduction coil 28 of the
MEMS micro-mirror 22 which causes the MEMS micro-mirror 22 to stop
oscillating. The voltage across the current source 23 (Vi) (i.e. the voltage at
point C) and therefore also the voltage at the junction between the first
and second n-transistors 25a,b of the current source 23 (i.e. the voltage at
point D), will go to ‘0’. The voltages at points A and B will alternately equal
Vpp and ‘0" as shown in Fig. 6b. Accordingly, the voltages at points A and B
will alternately be smaller than the voltage at point D plus the voltage
offset (Uoff) which is the input offset of the comparator causing the
Boolean values at outputs E and F to be alternately be 1 and 0, as shown in
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Fig. 6b. Accordingly the Boolean value at the output G of the OR gate 65
will go to 1" when an open circuit occurs in the conduction coil 28. The
detection of an open circuit can be achieved by monitoring the output G of
the OR gate 65 for when its Boolean value changes from ‘0’ to “1'.

[0079] The MEMS micro-mirror device60 may further comprise a control
unit which is operatively connected to the output G of the OR gate 65, and
is configured to automatically shut-down the MEMS micro-mirror device 60
when the output G of the OR gate 65 changes from ‘0’ to ‘1’

[0080] The advantage of using the voltage at D for doing the
comparison instead of using the voltage at point C, is that when measuring
at point C the minimum voltage between point A and Point C or minimum
voltage between point B and Point C, is a few tens of millivolts only; which
means that to be able to compare the voltages at points A and C or the
voltages at points B and C, the comparator internal offset has to be below
few tens of millivolts, which is very difficult to achieve. On the other side,
the voltage between C and D isaround 200mV, therefore the voltage
between A and D or B and D will be around 200mV instead of few tens of
mW. In that case one can design a comparator which has a more relaxed
constrain on its internal offset value, for example 100mV, that will then be
easier and cheaper to design, as well as being more robust to
manufacturing tolerances. Indeed, a comparator which has low input offset
value, for example less than 50mV input offset at all temperatures and
process variations needs more silicon area and more consumption. As a
result, the voltage between point A and point D (Va-Vd; respectively Vb-
Vd) is higher than the voltage between point A and point C (Va-V¢;
respectively Vb-Vc) because with this solution voltage between point A and
point D (Va-Vd) is effectively Va-Vc + Vc-Vd (respectively Vb-Vd is
effectively Vb-Vc + Vc-Vd). So in this solution it is easier to design a
comparator that compares higher signals, where the solution enables to
have the signal being a part of 50mV more than before.

[0081] Fig. 7a shows a MEMS micro-mirror device 70 according to a
further embodiment of the present invention, in which an open circuit can
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be detected. The MEMS micro-mirror device 70 comprises a circuit 71 which
has all of the features of the circuit 20 shown in Fig. 2a and like features
are awarded the same reference numbers.

[0082] The MEMS micro-mirror device 70 further comprises a means for
comparing 72, which is configured to compare the voltage at the junction
between the first and second n-transistors 25a,b of the current source 23
(i.e. the voltage at point D) to the voltage across the current source 23
(Vur), so that an open circuit in the MEMS mirror device 70 can be detected.

[0083] The means for comparing 72 comprises an IC circuit which
comprises a single comparator 73 which has an output (E). The voltage at
the junction between the first and second n-transistors 25a,b of the current
source 23 (i.e. the voltage at point D) and the voltage across the current
source 23 (Vugr) (i.e. the voltage at point C), are inputs to the single
comparator 73. A voltage offsetting means 59 is further provided for
providing an voltage offset (Uoff) to the voltage at the junction between
the first and second n-transistors 25a,b of the current source 23 (i.e. the
voltage at point D) before it is input to single comparator 73.

[0084] Fig. 7b show the voltages at points A-D and the Boolean values at
output E of the single comparator 73, of the MEMS micro-mirror device 70
shown in Fig. 7a when an open circuit occurs. At time t, the MEMS micro-
mirror device 70 undergoes normal operation. During normal operation the
voltage at point C will always be greater than the voltage at point D plus
the voltage offset (Uoff) which is the input offset of the comparator (i.e.
the voltage at point C will always be greater than ‘Voltage at point D +
Uoff’); accordingly the voltages at points C and D will always differ and
thus the Boolean value at the output E of the single comparator 73 will be
‘0".

[0085] At time t; an open circuit occurs in the conduction coil 28 of the
MEMS micro-mirror 22 which causes the MEMS micro-mirror 22 to stop
oscillating. The voltage across the current source 23 (Vug) (i.e. the voltage at
point C) and therefore also the voltage at the junction between the first
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and second n-transistors 25a,b of the current source 23 (i.e. the voltage at
point D), will both go to ‘0’. The voltages at points C and D will therefore
become equal and thus the Boolean value at the output Eof the single
comparator 73 will change from ‘0’ to “1’. Thus in the MEMS micro-mirror
device 70 an open circuit can be detected by monitoring for a change in the
output E of the single comparator 73 from ‘0" to ‘1’.

[0086] The MEMS micro-mirror device 70 may further comprise a control
unit which is operatively connected to the output E of the single
comparator 73, and which is configured to automatically shut-down the
laser light source, and/or the laser driver and/or the MEMS micro-mirror
device 70, when the output E of the single comparator 73 changes from ‘0’
to "1°.

[0087]  Fig. 8 shows a MEMS mirror device 80 according to a further
embodiment of the present invention in which a short circuit can be
detected. The MEMS micro-mirror device 80 comprises a circuit 81 which
has all of the features of the circuit 20 shown in Fig. 2a and like features
are awarded the same reference numbers.

[0088] The MEMS micro-mirror device 80 further comprises a means for
comparing 82 which is configured to compare the voltages at first and
second sides 58a, 58b of the MEMS micro-mirror 22 to each other, so that
an open circuit in the MEMS mirror device 50 can be detected. Specifically,
the meansfor comparing 82, compares the voltage at point A to the voltage
a B, so that an open circuit in the MEMS mirror device 80 can be detected.

[0089] The meansfor comparing 82 comprises an IC circuit which
comprises a first comparator 83 which has an output (H); a second
comparator 84 which has an output (I); and a XNOR gate 85 which has an
output (J). Outputs (H,l) of the first and second comparators 83,84 are
arranged to be input to the XNOR gate 85. The voltage at the first side 58a
of the MEMS micro-mirror 22(i.e. the voltage at point A) and the voltage at
the second side 58b of the MEMS micro-mirror 22(i.e. the voltage at point
B) are first and second inputs to the first comparator 83 respectively. The
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voltage at the second side 58b of the MEMS micro-mirror 22(i.e. the voltage
at point B) and the voltage at the first side 58b of the MEMS micro-mirror
22(i.e. the voltage at point A) are first and second inputs to the second
comparator 84 respectively. It will be understood that in this example, a
first input is an input to the positive node of a comparator and a second
input is an input to the negative node of a comparator; however it will be
understood that alternatively, a first input may be an input to the negative
node of a comparator and a second input may an input to the positive
node of a comparator.

[0090] A voltage offsetting means 89 is further provided for providing a
voltage offset (Uoff) to the voltage at point A before it is input to the first
comparators 83 and for providing a voltage offset (Uoff) to the voltage at
point B before it is input to the second comparators 84. Alternatively the
voltage offset (Uoff) may be provided by the comparator 84; the voltage
offset (Uoff) may be an input offset of the comparator 84.

[0091] Fig. 8b show the voltages at points A and B and the Boolean
values at outputs H-J, of theMEMS micro-mirror device 80 shown in Fig. 8a
when an short circuit occurs. At time t, the MEMS micro-mirror device 80
undergoes normal operation. During normal operation one of voltages at
points A and B will always be greater than the other; accordingly the
outputs H and | will always have opposite phase; specifically, when the
output H is ‘1’ the output | will be ‘0’ during normal operation. Accordingly
the output J of the XNOR gate will always be ‘0’during normal operation of
the MEMS micro-mirror device 80.

[0092] At time t; a short circuit occurs in the conduction coil 28 of the
MEMS micro-mirror 22 which causes the MEMS micro-mirror 22 to stop
oscillating. The occurrence of the short circuit will cause both the voltage at
point A and the voltage at point B to both go to Vpp, as is illustrated in Fig.
8b. The voltages at points A and B will thus become equal, and the outputs
H,I of both first and second comparators 83,84 will both go to ‘1’;
accordingly the output J of the XNOR gate 85 will change from ‘0"to “1'.
The detection of an short circuitin the MEMS micro-mirror device 80 can be
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thus be achieved by monitoring the output J of the XNOR gate 85 for
when its Boolean value changes from ‘0" to “1'.

[0093] The MEMS micro-mirror device 80 may further comprise a control
unit which is operatively connected to the output J of the XNOR gate 85,
and which is configured to automatically shut-down the laser light source,
and/or the laser driver and/or the MEMS micro-mirror device 80 when the
output J of the XNOR gate 85 changes from ‘0’ to “1'.

[0094] Fig. 9a shows a MEMS mirror device90 according to a further
embodiment of the present invention in which a short circuit can be
detected. The MEMS micro-mirror device 90 comprises a circuit 91 which
has all of the features of the circuit 20 shown in Fig. 2a and like features
are awarded the same reference numbers.

[0095] The MEMS micro-mirror device 90 further comprises a means for
comparing 92 which is configured to compare the voltages at first and
second sides 58a, 58b of the MEMS micro-mirror 22 to each other, so that
an open circuit in the MEMS mirror device 50 can be detected. Specifically,
the means for comparing 92, compares the voltage at point A to the
voltage a B, so that an open circuit in the MEMS mirror device 90 can be
detected.

[0096] The means for comparing 92 comprises a single XNOR gate 95
which has an output (J). The XNOR gate 95 comprises a ground pin 96,
which is electrically connected to point C so that the ground pin 96 of the
XNOR gate 95 is at kept at the same potential as the voltage across the
current source 23. Optionally a buffer may be electrically connected
between the point C and the ground pin 96. The XNOR gate 95 comprises a
drive pin 97 which is connected to the power source (Vpp).

[0097] If the voltage UM is greater than the transition of an NMOS
transistor, the detection circuit can be a XNOR gate, with its ground
connected to the point C.
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[0098] A first input 98a of the XNOR gate 95 is electrically connected to
the first side 58a of the MEMS micro-mirror 22, a second input 98b of the
XNOR gate 95 is electrically connected to the second side 58a of the MEMS
micro-mirror 22. So the voltage at the first side 58a of the MEMS micro-
mirror 22(i.e. the voltage at point A) and the voltage at the second side 58b
of the MEMS micro-mirror 22(i.e. the voltage at point B) both form the
inputs to the XNOR gate 95.

[0099] Fig. 9b illustrates the voltages at points A and B and the Boolean
values at output J of the XNOR gate 95, when a short circuit occurs. At time
t, the MEMS micro-mirror device 90 undergoes normal operation. During
normal operation the voltage at A and B will always be opposite in phase
(i.e. A and B can have only two values: Vdd or Vdd-Um; so if A is at Vdd, B
will be at Vdd-Um, and if A is at Vdd-Um, B will be at Vdd); when current
follows along the first route through the H-bridge circuit 91 then the
voltage at A is equal to Vpp and the voltage at B is equal to Vpp-Um; when
current follows along the second route through the H-bridge circuit 91
then the voltage at A is equal to Vpp-Um the voltage at B is equal to Vpp
(wherein Um is the voltage drop across the MEMS micro-mirror 22) as is
illustrated in the graphs Fig. 9b. Accordingly the output J of the XNOR gate
95 will always be ‘0'during normal operation of the MEMS micro-mirror
device 80.

[00100] At time t; a short circuit occurs in the conduction coil 28 of the
MEMS micro-mirror 22 which causes the MEMS micro-mirror 22 to stop
oscillating. The occurrence of the short circuit will cause both the voltage at
point A and the voltage at point B to both go to Vpp, as is illustrated in Fig.
9b. The voltages at points A and B will thus become equal, and the output J
of the XNOR gate 95 will thus change from ‘0'to ‘1’. The detection of a
short circuit in the MEMS micro-mirror device 80 can be thus be achieved by
monitoring the output J of the XNOR gate 95 for when its Boolean value
changes from ‘0’ to ‘1'.

[00101] The MEMS micro-mirror device 90 may further comprise a control
unit which is operatively connected to the output J of the XNOR gate 95,
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and which is configured to automatically shut-down the laser light source,
and/or the laser driver and/or the MEMS micro-mirror device 90 when the
output J of the XNOR gate 95 changes from ‘0’ to “1".

[00102] Fig. 10a shows a MEMS mirror device 100 according to a further
embodiment of the present invention in which a short circuit, as well as a
partial short circuit, can be detected.

[00103] A Short circuit in the conduction coil 23 occurs when the
resistance of the conduction coil 23 is close to, or equal to, 0Q (Ohm); this
can occur if conducting material with very low resistance electrically
connects points A and B, thus shorting out the conduction coil 23. A partial
short circuit is when the resistance of the conduction coil 23 is decreasing
because parts of the conduction coil 23 are being electrically connected to
each other. The problem with a partial short circuit is that for the same
current conducted in the conduction coil 23, the Lorentz force acting on
the MEMS micro-mirror 22 will be lowered and thus the amplitude of
oscillation of the MEMS micro-mirror 22 will decrease and the angle over
which the light beams are scanned will decrease. A short circuit or a partial
short circuit can happen for example due to electro-migration in the
conduction coil 23, or mechanical deformation of the conduction coil 23,
leading to physical contact between different parts of the conduction coil
23.

[00104] The MEMS micro-mirror device 100 comprises a circuit 101 which
has all of the features of the circuit 20 shown in Fig. 2a and like features
are awarded the same reference numbers.The MEMS micro-mirror device
90 further comprises a means for comparing 102.

[00105] The means for comparing 102 is configured to compare voltage
across the current source 23 (i.e. the voltage at point C) to a reference
voltage to detect a short circuit in the MEMS mirror device. In this
particular example the reference voltage is the average value of the
voltage across a current source 23 over a predefined period of time (i.e. the
average of the voltage at point C over a predefined period of time).
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[00106] Specifically, the means for comparing 102 comprises, a
comparator 103 which has a first and second input 106,107 and an output
F; and a low pass filter 104 which is electrically connected to a junction (i.e.
point C) which is between the H bridge circuit 101 and current source 23
(i.e. the low pass filter 104is electrically connected to point C). The low pass
filter 104 is grounded (i.e. connected to gnd) or is connected to Vdd. A
buffer 109 is further electrically connected between said junction (i.e. point
C) and capacitor 104, as is illustrated in Figure 10a. The buffer 109 will
ensure that parasitic voltage from the low pass filter 104 will not affect the
voltage across the current source 23 (i.e. the voltage at point C). In the
present invention the low pass filter 104 comprises a capacitor, but it will
be understood that the low pass filter 104 may comprise any other suitable
configuration or combination of components e.g. a combination of
capacitors and resistors. The average of the voltage at point C over a
predefined period of time is achieved by the low pass filter 104; the period
of time depends on the time constant of the low pass filter 104. The low
pass filter 104 is preferably designed in order to attenuate the variations
due to the induced voltage and therefore provide a single constant signal
with a constant value, instead of a sinus shape signal (which is the case of
the induced voltage signal at point C). For example, to have 20dB
attenuation, a first order low pass filter needs a resistor (which has an
electrical resistance R) and a capacitance (which has an electrical
capacitance C) where the average period is ten times the MEMSs mirror
oscillation period [i.e. 10*MEMS mirror oscillation period=2*pi*R*C]. All
the MEMS mirror oscillations which have a higher frequency than
1/2"*pi*R*C are attenuated therefore only the average value remains after
the filter. A higher order filter can be used, with the benefit of reducing
the ripple on the average value signal.

[00107] The first input 106 of the comparator 103 is electrically connected
to the junction (i.e. point C) between the H bridge 101 and current source
23 so that the first input 106 to the comparator 103 is at a voltage which is
equal to the voltage across the current source 23 (i.e. the voltage at point C
is applied to the first input 106 of the comparator 103). The second input
107 to the comparator 103 is electrically connected to the low pass filter
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104 so that the second input 107 to the comparator 103 is at a voltage
which is equal to the voltage across the low pass filter 104 (i.e. the voltage
at point E).The low pass filter 104 can store previous voltages that were
across the current source 23 (i.e. can store the average voltage value of the
point C, with eventually a residual oscillation depending on the time
constant of the low pass filter 104) .The voltage across the low pass filter
104 (i.e. the voltage at point E) is therefore equal to the average value for
the voltage across a current source 23 over a predefined period of time.
The MEMS mirror device 100 further comprises a voltage offsetting means
111 for providing a voltage offset (Uoff) to the voltage at point E in the
comparator 103. Alternatively the voltage offset (Uoff) may be provided by
the input to the comparator 103 i.e. as an input offset of the comparator
103.The voltage offset (Uoff)ensures that factors such as temperature
change in of theMEMS mirror device 100 will not cause the voltage across
the current source 23 (i.e. the voltage at point C) to exceed the voltage at E
plus the voltage offset; in other words the offset (Uoff)will ensure that the
voltage at point C will be larger than ‘Voltage at E' + ‘Uoff’ during normal
operation when there is no short circuit or partial short circuit in the MEMS
mirror device 100).

[00108] Fig. 10b illustrates the voltages at points C and E; and also
illustrates the voltage at E plus offset (Uoff). At time t, the MEMS micro-
mirror device 100 undergoes normal operation. During normal operation
the voltage the value ‘Voltage at E’ + ‘Uoff’ at the second input 107 of the
comparator 103 will always be larger than the voltage at point C at the first
input 106 to the comparator 103. Therefore the output F of the comparator
will be ‘0’.

[00109] At time t; a partial short circuit occurs in the conduction coil 28 of
the MEMS micro-mirror 22 which causes resistance of the conduction coil 28
to decrease and thus the voltage across the MEMS micro-mirror 22 to
decrease. As the voltage across the MEMS micro-mirror 22 to decreases the
voltage across the current source 23 (i.e. the voltage at point C) will
correspondingly increase. At time 1, the voltage across the current source 23
(i.e. the voltage at point C) has increased to the point where it exceeds the



10

15

20

25

30

WO 2015/078482 PCT/EP2013/074432

32

value ‘Voltage at E’' + ‘Uoff’; thus the voltage at point C at the first input
106 to the comparator 103 will now exceed the value ‘Voltage at E’ + ‘Uoff’
at the second input 107 of the comparator 103. Accordingly the output F of
the comparator 103 will change from ‘0’ to ‘1".

[00110] The MEMS micro-mirror device 100 may further comprise a
control unit which is operatively connected to the output F of comparator
103, and which is configured to automatically shut-down the laser light
source, and/or the laser driver and/or the MEMS micro-mirror device 100
when the output F of comparator 103 changes from ‘0’ to ‘1'.

[00111] By crossing the inputs of the comparator, the circuit shown on
figure 10 may detect if the MEMs micro-mirror 22 becomes blocked so that
it no longer oscillates about its oscillation axis. This is because once the
MEMS micro-mirror 22 becomes blocked, the temperature of the MEMS
micro-mirror 22 will increase dramatically since there is no air cooling effect
due to oscillation. The increase in temperature will cause a decrease in the
voltage across the current source 23 (i.e. causes an increase in the voltage
Um, so a decrease in the voltage at point C) to the point where the value
‘Voltage at C' + ‘Uoff’ falls below the voltage at point E; thus the voltage at
point C + Uoff at the input 107 (understood that the offset ‘Uoff’ is built
into the comparator) of the comparator 103 will now fall below the voltage
at point E at the input 106 of the comparator 103. Accordingly the output F
of the comparator 103 will change from ‘0’ to ‘1".

[00112] Fig. 11shows a MEMS mirror device120 according to a further
embodiment of the present invention in which a short circuit, as well as a
partial short circuit, can be detected. The MEMS micro-mirror device 120
comprises a circuit 121 which has all of the features of the circuit 20 shown
in Fig. 2a and like features are awarded the same reference numbers.

[00113] The MEMS micro-mirror device 120 further comprises a means for
comparing 122. The means for comparing 122 is configured to compare
voltage across the current source 23 (i.e. the voltage at point C) to a
reference digital value representative of a reference voltage, to detect a
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short circuit, partial short circuit or a blockage in the MEMS mirror device.
Specifically, the means for comparing 102 comprises, an analogue-to-digital
converter 125 which is electrically connected to the junction between the H
bridge circuit 121 and current source 23 (i.e. electrically connected to point
C) so that the analogue-to-digital converter 125 can convert the voltage
across the current source 23 (i.e. the voltage at point C) to a digital value.
The analogue-to-digital converter125 will therefore a digital value for the
voltage at point C at its output 128. The means for comparing 102 further
comprises a comparator 127 which has an output 129. The comparator 127
is arranged to compare the digital value for the voltage at point C, to a
reference digital value representative of a reference voltage. The reference
digital value is predefined and stored in a memory 124 which the
comparator 127 can access; the reference digital value may be stored in the
memory 124 at the manufacturing stage. If the digital value for the voltage
at point Cis less than the reference digital value representative of a
reference voltage, then the output 129 of the comparator 127 will be ‘0’;
and if the digital value for the voltage at point Cis greater than the
reference digital value representative of a reference voltage, then the
output 129 of the comparator 127 will be ‘1’ (or vice versa).

[00114] During normal operation of the MEMS micro-mirror device 120
the digital value for voltage at point C will always be less than the
reference digital value representative of a reference voltage. Accordingly
the output 129 of the comparator 127 will be a Boolean value ‘0.

[00115] If a short or partial short circuit occurs in the conduction coil 28
of the MEMS micro-mirror 22 this will cause the resistance of the
conduction coil 28 to decrease and thus cause the voltage across the MEMS
micro-mirror 22to decrease. As the voltage across the MEMS micro-mirror
22 decreases the voltage across the current source 23 (i.e. the voltage at
point C) will correspondingly increase. As the voltage at point C increases
the digital value for the voltage at point C which is output from the
analogue-to-digital converter 125 will increase so that it exceeds the
reference digital value representative of a reference voltage. Accordingly
the output 129 of the comparator 127 will change from a Boolean value ‘0’
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to a Boolean value “1'. The occurrence of a short or partial short can thus be
detected by monitoring for a change in the output 129 of the comparator
127 e.g. from a Boolean value ‘0’ to a Boolean value ‘1’ (or from a Boolean
value ‘1" to a Boolean value ‘0’).

[00116] The MEMS micro-mirror device 120 may further comprise a
control unit which is operatively connected to the output 129 of the
comparator 127, and which is configured to automatically shut-down the
MEMS micro-mirror device 120 when the output 129 of comparator
127changes e.g. from a Boolean value ‘0’ to a Boolean value 1’ (or from a
Boolean value ‘1’ to a Boolean value ‘0’).

[00117] It will be understood that the embodiments shown in Figure 11
may also be used to detect if the MEMS micro-mirror 22 becomes blocked
so that it no longer oscillates about its oscillation axis. This is because once
the MEMS micro-mirror 22 becomes blocked, the temperature of the MEMS
micro-mirror 22will increase dramatically since there is no air cooling effect
due to oscillation. The increase in temperature will cause an increase in the
voltage across the current source 23 (i.e. causes an increase in the voltage
at point C). As the voltage at point C increases the digital value for the
voltage at point C which is output from the analogue-to-digital converter
125 will increase so that it exceeds the reference digital value
representative of a reference voltage. Accordingly the output 129 of the
comparator 127 will change from a Boolean value ‘0’ to a Boolean value ‘1.
In this case it preferable to know in advance the value for the resistance of
the conduction coil 23 for various different temperatures so that account
can be taken for the changes in the resistance of the conduction coil 23 due
to temperature changes in the MEMS micro-mirror device 120; a method of
the present invention may therefore include the step of measuring the the
resistance of the conduction coil 23 at a plurality of different temperatures.

[00118] In this embodiment the digital value for the voltage at point C is
compared to the reference digital value representative of a reference
voltage which is stored in a memory. The electrical resistance of the
conduction coil 23 changes due to the temperature, a new reference digital
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value representative of a new reference voltage should preferably be used
for the comparison. This new reference voltage value can be determined by
knowing the relation between the temperature and the coil resistance
(then using the Ohm’s law U=RI relationship to calculate U as function of
the coil resistance (R) value, the current passing through the coil (1) is set to
remain constant whatever the temperature, and the voltage (U) at the
mirror ends. A table listing the resistance of the conduction coil 23 at
different temperatures can be generated in a calibration step in which the
resistance of the conduction coil 23 is measured at different temperatures.

[00119] Fig. 12 shows a MEMS mirror device 130 according to a further
embodiment of the present invention in which a short and open circuit can
be detected.

[00120] The MEMS micro-mirror device 130 comprises a circuit 131 which
has all of the features of the circuit 20 shown in Fig. 2a and like features
are awarded the same reference numbers. The MEMS micro-mirror device
130 further comprises a means for comparing 132.

[00121] The means for comparing 132 is configured to compare voltage
across the current source 23 (i.e. the voltage at point C) to an reference
voltage to detect a short circuit in the MEMS mirror device. Specifically, the
means for comparing 132 comprises a first and second comparators 135a,b
which comprise outputs D and E respectively. A second input 136b of the
first comparator 135a is electrically connected to a junction between the H
bridge 131 and current source 23 so that the second input 136b has a
voltage equal to the voltage across the current source 23 (i.e. the second
input 136b has a voltage equal the voltage at point C), and a first input
136a of the first comparator 135a is provided with a first reference voltage
(Vrefp). A first input 137a of the second comparator 135b is electrically
connected to a junction between the H bridge 131 and current source 23 so
that the first input 137a has a voltage equal to the voltage across the
current source 23 (i.e. the first input 137a has a voltage equal to the
voltage at point C), and a second input 137b of the second comparator
135b is provided with a second reference voltage (Vrefn).
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[00122] In order to provide the first (Vrefp) and second (Vrefn) reference
voltages the means for comparing 132 comprises a first, second and third
resistor 139a-¢, which are connected in series, and voltage (Vpp) is applied
across the first, second and third resistors 139a-c such that the voltage at a
junction 140 between the first and second resistors 139,b define the first
reference voltage (Vrefp) and the voltage at a junction 142 between the
second and third resistors 139b,c define the second reference voltage
(Vrefn). Alternatively the first (Vrefp) and second (Vrefn) reference voltages
can each be provided by outputs of a first and second digital convertor
respectively; the first (Vrefp) and second (Vrefn) reference voltages can be
changed more easily be adjusting the digital inputs to the first and second
digital convertors. During normal operation of the MEMS micro-mirror
device 130 the voltage at point C is always larger than the first and second
reference voltages, therefore the outputs D,E of the first and second
comparators 135a,b will be Boolean value ‘1'. In the case an short circuit in
the MEMS micro-mirror device 130 occurs the voltage at point C will exceed
the first reference voltage (Vrefp) and the output D of the first
comparator135a changes from Boolean value ‘1’ to Boolean value ‘0".
When the short circuit occurs the resistance of the MEMS mirror 22
decreases, the voltage value across the MEMS micro mirror 22 (Um)
decreases. So the voltage value at point C will increase, and exceed the
value of the first reference voltage (Vrefp). The value of the first reference
voltage (Vrefp) is determined by the maximum voltage value in point Cin
normal operation. In the case an open circuit in the MEMS micro-mirror
device 130 the voltage at point C will drop to less than the second
reference voltage (Vrefn) and the output E of the second comparator135b
changes from Boolean value ‘1’ to Boolean value ‘0’. In case of open circuit,
no current can drive through the MEMS micro-mirror 22. The voltage value
of point C will drop to 0, and drop less than the reference voltage (Vrefp).
Thus the occurrence of a short circuit in the MEMS micro-mirror device 130
can be detected by monitoring for a change in the output D of the first
comparator135a changes from Boolean value ‘1’ to Boolean value ‘0’, and
the occurrence of an open circuit in the MEMS micro-mirror device 130 can
be detected by monitoring for a change in the output E of the second
comparator135b changes from Boolean value ‘1’ to Boolean value ‘0'.
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[00123] The MEMS micro-mirror device 130 may further comprise a
control unit which is operatively connected to the outputs D,E of the first
and second comparators 135a,b respectively. The control unit is preferably
configured to automatically shut-down the MEMS micro-mirror device 130
when either of the outputs D,E of the first and second comparators 135a,b
change e.g. from a Boolean value ‘0’ to a Boolean value ‘1" or from a
Boolean value ‘1’ to a Boolean value ‘0.

[00124] Advantageously, in the present invention none of the variables
used to detect an open or short circuit are unaffected by temperature, thus
providing for more reliable detection of an open or short circuit.
Furthermore, the time required to detectan open or short circuit depends
only on the gain of the comparator, so fast detection is achievable.

[00125] It will be understood that in the context of the present invention
“normal operation” is when the MEMS micro-mirror device operates
without any short or open circuits. It will also be understood that in the
above examples the detection of an open or short circuit was based on a
change in an output of the device from a Boolean value ‘0’ to a Boolean
value ‘1’; it will be understood that the circuits of the above-mentioned
device could alternatively be configured to have an output which changes
from a Boolean value ‘1’ to a Boolean value ‘0’ when an open or short
circuit occurs, for example by reversing the inputs to comparators i.e. by
changing the input to the positive input of the comparator to be the input
to the negative input of the comparator and by changing the input to the
negative input of the comparator to be the input to the positive input of
the comparator. What is important is a state change; any state change is
acceptable i.e. the comparator may be designed to either go from ‘0’ to ‘1’
or from ‘1’ to ‘0’to indicate the presence of the open or short circuit.

[00126] In the above example the voltage offsets (Uoff’) are positive
voltage offsets. However it will be understood that the voltage offsets
(Uoff) may alternatively be a negative voltage offset. In the case of a
negative voltage offset, theinputs to comparators should be reversed and
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the negative voltage offset is provided to the input to the negative input
of the comparator.

[00127] It will also be understood that the comparators may be
alternatively be configured to compare currents instead of voltages.

[00128] As an alternative to the comparators used in the above-
mentioned examples an ADC may be used to perform the comparisons. In
other words the means for comparing in each device may comprise a
analogue to digital converter.
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Claims

1. A MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge circuit so
that voltage can be selectively applied across the MEMS mirror in either
direction; and

a current source which is connected to the H bridge circuit; wherein
the MEMS mirror device further comprises,

a means for comparing the voltages at a first and second side of the
MEMS mirror to a voltage across the current source, so that an open circuit
in the MEMS mirror device can be detected.

2. A MEMS mirror device according to claim 1, wherein the means for
comparing comprises,

a first comparator;

a second comparator; and

an OR gate;

wherein outputs of the first and second comparator are arranged to
be input to the OR gate, and

wherein the voltage at the first side of the MEMS mirror and the
voltage across the current source are inputs to the first comparator and the
voltage at the second side of the MEMS mirror and the voltage across the
current source are inputs to the second comparator.

3. A MEMS mirror device according to claim 1, wherein the current
source comprises a first and second transistor connected in series and the
means for comparing is configured to compare voltages at the first and
second sides of the MEMS mirror to a voltage at a junction between the
first and second transistors.

4. A MEMS mirror device according to claim 3, wherein the mean for
comparing comprises,

a first comparator;

a second comparator; and
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an OR gate;

wherein outputs of the first and second comparator are arranged to
be input to the OR gate, and

wherein the voltage at the first side of the MEMS mirror and the
voltage at the junction between the first and second transistors are inputs
to the first comparator and the voltage at the second side of the MEMS
mirror and the voltage at the junction between the first and second
transistors are inputs to the second comparator.

5. A MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge circuit so
that voltage can be selectively applied across the MEMS mirror in either
direction; and

a current source which is connected to the H bridge circuit wherein
current source comprises a first and second transistor connected in series;
wherein the MEMS mirror device further comprises,

a means for comparing which is configured to compare voltage
across the first and second transistors to voltage at a junction between the
first and second transistors to detect an open circuit.

6. A MEMS mirror device according to claim 5 wherein the means for
comparing comprises a single comparator wherein the voltage across the
first and second transistors and the voltage at a junction between the first
and second transistors are inputs to the single comparator.

7. A method for detecting an open circuit in the MEMS mirror device
according to claim 1, the method comprising the step of,

comparing voltages at first and second sides of the MEMS mirror to a
voltage across the current source,

detecting a change in result of the comparison to indentify the
occurrence of an open circuit in the MEMS mirror device.

8. A method for detecting an open circuit in the MEMS mirror device
according to claim 5, comprising the steps of
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comparing voltage across the first and second transistors to voltage
at a junction between the first and second transistors to detect an open
circuit using a comparator; and

wherein the step of detecting a change in result of the comparison
to indentify the occurrence of an open circuit in the MEMS mirror device
comprises,

detecting a change in the output of the comparator.

o. A MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge circuit so
that voltage can be selectively applied across the MEMS mirror in either
direction; and

a current source which is connected to the H bridge circuit; wherein
the MEMS mirror device further comprises

a means for comparing the voltages at a first and second side of the
MEMS mirror, so that a short circuit in the MEMS mirror device can be
detected.

10. A MEMS mirror device according to claim 9 wherein the means for
comparing comprises,

a first comparator;

a second comparator; and

an XNOR gate;

wherein outputs of the first and second comparator are arranged to
be input to the XNOR gate, and

wherein the voltage at the first side of the MEMS mirror and the at
the voltage at the second side of the MEMS mirror are inputs to the first
comparator and the voltage at the first side of the MEMS mirror and the at
the voltage at the second side of the MEMS mirror are inputs to the second
comparator.

11. A method for detecting a short circuit in the MEMS mirror device
according to claim 9, the method comprising the step of,
comparing the voltages at the first and second side of the MEMS
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mirror, so that a short circuit in the MEMS mirror device can be detected,
detecting a change in result of the comparison to indentify the
occurrence of a short circuit in the MEMS mirror device.

12. A MEMS mirror device comprising,

a H bridge circuit;

a MEMS mirror which is connected as a load to the H bridge circuit so
that voltage can be selectively applied across the MEMS mirror in either
direction; and

a current source which is connected to the H bridge circuit; wherein
the MEMS mirror device further comprises

a means for comparing voltage across the current source to an
reference voltage to detect a short circuit in the MEMS mirror device.

13. A MEMS mirror device according to claim 12 wherein the means for
comparing comprises,

a buffer;

a comparator; and

a low pass filter which is electrically connected to a junction between
the H bridge and current source;

wherein a first input of the low pass filter is electrically connected to
a buffer, itself connected to a junction between the H bridge and current
source so that the first input to the comparator is at a voltage which is
equal to the voltage across the current source, and wherein a second input
to the comparator is electrically connected to low pass filter so that the
second input to the comparator is at a voltage which is equal to the voltage
across the low pass filter.

14. A method for detecting a short circuit in the MEMS mirror device
according to claim 13, the method comprising the step of,

comparing voltage across the current source to an reference voltage,
wherein the reference voltage is an average value for the voltage across a
current source over a predefined period of time;

applying an offset to the average value for the voltage across a
current source before comparing the voltage across the current source to
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average value for the voltage across a current source;
detecting a change in result of the comparison to indentify the
occurrence of a short circuit in the MEMS mirror device.

15. A MEMS mirror device according to any one of the preceding claims,
5 further comprising a controller which can shut off the laser light source
and/or the laser driver if an open circuit and/or short circuit is detected.
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Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-4, 7, 15
Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-4, 7, 15

A MEMS mirror device comprising an H bridge circuit, a
current source connected to the H bridge circuit and a means
for comparing the voltages at a first and second side of the
MEMS mirror to a voltage across the current source to detect
an open circuit, wherein the means for comparing comprises,
a first comparator, a second comparator and an OR gate and
wherein outputs of the first and second comparator are
arranged to be input to the OR gate, and the voltage at the
first side of the MEMS mirror and the voltage across the
current source are inputs to the first comparator and the
voltage at the second side of the MEMS mirror and the
voltage across the current source are inputs to the second
comparator.

2. claims: 5, 6, 8

A MEMS mirror device comprising an H bridge circuit, a
current source comprising a first and second transistor
connected in series, and a means for comparing the voltage
across the first and second transistors to voltage at a
junction between the first and second transistors to detect
an open circuit.

3. claims: 9-11

A MEMS mirror device comprising an H bridge circuit, a
current source connected to the H bridge circuit and a means
for comparing the voltages at a first and second side of the
MEMS mirror to detect a short circuit.

4. claims: 12-14

A MEMS mirror device comprising an H bridge circuit, a
current source and a means for comparing voltage across the
current source to a reference voltage to detect a short
circuit.
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