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SENSOR ARRANGEMENTS AND METHODS OF OPERATING
A SENSOR ARRANGEMENT

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of Singapore Patent Application number
10201504118R filed 26 May 2015, the entire contents of which are incorporated herein by

reference for all purposes.

TECHNICAL FIELD

[0002] The present invention relates to sensor arrangements and methods of operating a

sensor arrangernent.

BACKGROUND

[0003] Various types of humidity sensors have been developed over the years. A cost-
effective miniaturized solution is to employ a solid state sensing film that interacts with water
vapor to convert the water vapor concentration into an electrical signal. Techniques for
converting the water vapor concentration into electrical signals include capacitive sensing,
thermoelectric sensing and magnetoelastic sensing. A typical electrical humidity sensor may
sense water vapor concentration, by having a capacitance or impedance between two
electrodes. The capacitance of impedance may vary with the relative permittivity of a
polymer film. The relative permittivity of the polymer film may be sensitive to an amount of
water vapor absorbed by the polymer film. The typical accuracy of this type of sensors may
range from *1.7% to +5%, which can meet the requirements in some consumer electronics,
for example for use in environmental sensing and medical devices for breath testing. Another
method for measuring relative humidity may be to use a “chilled-mirror” dew-point
hygrometer. A “chilled-mirror” dew-point hygrometer may include a miniature polished
mirror that may be cooled by a Peltier thermoelectric heat pump until the mirror reaches the
dew-point of the water vapor under test. When the dew point temperature has been reached,
condensation will begin to form on the mirror surface. The “chilled-mirror” dew-point

hygrometer may include an electro-optical loop to detect a reduction of the light intensity



WO 2016/190816 PCT/SG2016/050247

reflected from the mirror surface and thereby, detect that condensation. The typical accuracy
of such a dew-point hygrometer may be +0.1°C according to relative humidity accuracy of
+0.014% at a relative humidity of 1%. The high accuracy of a “chilled-mirror” dew-point
hygrometer may allow it to be applied to a range of high-end applications including
metrology laboratories, aerospace, natural gas, petrochemical and meteorology. However,
there are many barriers to using the “chilled-mirror” dew-point hygrometer, including its high
cost, large size and slow response rate. Other potential disruptive solutions for high accuracy
detection of relative humidity include carbon nanotubes and graphene which exhibit very
high humidity sensitivity. However, such solutions still require further development in order
to be understood and applied to practical applications.

[0004] As such, there is a need for a humidity sensor that can achieve high accuracy with a
relatively fast response rate, while being relatively small size and being available at a low

cost.

SUMMARY

[0005] According to various embodiments, there may be provided a sensor arrangement
including a filter configured to provide an output signal having an output wavelength, the
output wavelength having a dependence on a temperature of the filter; a temperature module
configured to change the temperature of the filter; a controller circuit configured to control
the temperature module for changing the temperature of the filter until the output wavelength
increases with decreasing temperature; and a determination circuit configured to determine a
dew point of an environment surrounding the sensor arrangement, based on a minimum value
of the output wavelength and the dependence.

[0006] According to various embodiments, there may be provided a sensor arrangement
including a filter configured to provide an output signal having an output wavelength, the
output wavelength having a dependence on a temperature of the filter, wherein the
dependence comprises a proportionality constant having a first value; a temperature module
configured to change the temperature of the filter; a controller circuit configured to control
the temperature module for changing the temperature of the filter until the proportionality
constant changes from the first value to a second value; and a determination circuit

configured to determine a dew point of an environment surrounding the sensor arrangement,
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based on the temperature of the filter when the proportionality constant changes from the first
value to the second value.

[0007] According to various embodiments, there may be provided a method of operating a
sensor arrangement, the method including providing an output signal having an output
wavelength using a filter, wherein the output wavelength has a dependence on a temperature
of the filter; changing the temperature of the filter using a temperature module; controlling
the temperature module to change the temperature of the filter until the output wavelength
increases with decreasing temperature, using a controller circuit; and determining a dew
point of an environment surrounding the sensor arrangement, based on a minimum value of
the output wavelength and the dependence.

[0008] According to various embodiments, there may be provided a method of operating a
sensor arrangement, the method including providing an output signal having an output
wavelength using a filter, wherein the output wavelength has a dependence on a temperature
of the filter, wherein the dependence comprises a proportionality constant having a first
value; changing the temperature of the filter using a temperature module; controlling the
temperature module to change the temperature of the filter until the proportionality constant
changes from the first value to a second value, using a controller circuit; and determining a
dew point of an environment surrounding the sensor arrangement, based on the temperature
of the filter when the proportionality constant changes from the first value to the second

value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] In the drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following description,
various embodiments are described with reference to the following drawings, in which:
[0010] FIG. 1 shows an electrical humidity sensor belonging to the state of the art.

[0011] FIG. 2A shows a “chilled-mirror” dew-point hygrometer belonging to the state of the
art.

[0012] FIG. 2B shows a graph showing a relationship between frost point and time.

[0013] FIG. 3A shows a sensor arrangement according to various embodiments.
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[0014] FIG. 3B shows a sensor arrangement according to various embodiments.

[0015] FIG. 4 shows a flow diagram showing a method of operating a sensor arrangement
according to various embodiments.

[0016] FIG. 5 shows a flow diagram showing a method of operating a sensor arrangement
according to various embodiments.

[0017] FIG. 6 shows a graph showing the relationship between dew point temperature and
relative humidity, as well as the relationship between dew point temperature and the accuracy
of relative humidity, when the atmospheric temperature is 25°C.

[0018] FIG. 7 shows a schematic diagram of a sensor arrangement according to various
embodiments.

[0019] FIG. 8A shows another schematic diagram of a sensor arrangement according to
various embodiments.

[0020] FIG. 8B shows a scanning electron microscope image of a photonics chip according
to various embodiments.

[0021] FIG. 9 shows a graph showing typical changes in the resonance wavelength over time,
as recorded for a sensor arrangement according to various embodiments.

[0022] FIG. 10 shows a graph showing the dew-point determined using a prototype relative
humidity sensor.

[0023] FIG. 11 shows a graph showing the results of self-calibration of a filter according to
various embodiments.

[0024] FIG. 12 shows a graph showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the thermoelectric cooling (TEC) current is 100mA.
[0025] FIG. 13 shows a graph showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the TEC current is 200mA.

[0026] FIG. 14 shows a graph showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the TEC current is 300mA.

[0027] FIG. 15 shows a graph showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the TEC current is 300mA.

[0028] FIG. 16 shows a table showing the typical standard deviation in the measurements of

a sensor arrangement according to various embodiments.
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DESCRIPTION

[0029] Embodiments described below in context of the devices are analogously valid for the
respective methods, and vice versa. Furthermore, it will be understood that the embodiments
described below may be combined, for example, a part of one embodiment may be combined
with a part of another embodiment.

[0030] In this context, the sensor arrangement as described in this description may include a
memory which is for example used in the processing carried out in the sensor arrangement. A
memory used in the embodiments may be a volatile memory, for example a DRAM
(Dynamic Random Access Memory) or a non-volatile memory, for example a PROM
(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM (Electrically
Erasable PROM), or a flash memory, e.g., a floating gate memory, a charge trapping
memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM (Phase
Change Random Access Memory).

[0031] In an embodiment, a "circuit" may be understood as any kind of a logic implementing
entity, which may be special purpose circuitry or a processor executing software stored in a
memory, firmware, or any combination thereof. Thus, in an embodiment, a "circuit" may be a
hard-wired logic circuit or a programmable logic circuit such as a programmable processor,
e.g. a microprocessor (e.g. a Complex Instruction Set Computer (CISC) processor or a
Reduced Instruction Set Computer (RISC) processor). A "circuit" may also be a processor
executing software, e.g. any kind of computer program, e.g. a computer program using a
virtual machine code such as e.g. Java. Any other kind of implementation of the respective
functions which will be described in more detail below may also be understood as a "circuit"
in accordance with an alternative embodiment.

[0032] In the specification the term “comprising” shall be understood to have a broad
meaning similar to the term “including” and will be understood to imply the inclusion of a
stated integer or step or group of integers or steps but not the exclusion of any other integer or
step or group of integers or steps. This definition also applies to variations on the term
“comprising” such as “comprise” and “comprises”.

[0033] In order that the invention may be readily understood and put into practical effect,
particular embodiments will now be described by way of examples and not limitations, and

with reference to the figures.
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[0034] Various embodiments are provided for devices, and various embodiments are
provided for methods. It will be understood that basic properties of the devices also hold for
the methods and vice versa. Therefore, for sake of brevity, duplicate description of such
properties may be omitted.

[0035] It will be understood that any property described herein for a specific device may also
hold for any device described herein. It will be understood that any property described herein
for a specific method may also hold for any method described herein. Furthermore, it will be
understood that for any device or method described herein, not necessarily all the components
or steps described must be enclosed in the device or method, but only some (but not all)
components or steps may be enclosed.

[0036] In the context of various embodiments, the phrase “relative humidity” may be but is
not limited to being interchangeably referred to by its abbreviation “RH”.

[0037] In the context of various embodiments, “dew-point temperature” may be but is not
limited to being interchangeably referred to “dew point temperature”, “dew point”, Tpp or
TDP.

[0038] Various types of humidity sensors have been developed over the years. A cost-
effective miniaturized solution is to employ a solid state sensing film that interacts with water
vapor to convert the water vapor concentration into an electrical signal. Techniques for
converting the water vapor concentration into electrical signals include capacitive sensing,
thermoelectric sensing and magnetoelastic sensing. A typical electrical humidity sensor may
sense water vapor concentration, by having a capacitance or impedance between two
electrodes. The capacitance of impedance may vary with the relative permittivity of a
polymer film. The relative permittivity of the polymer film may be sensitive to an amount of
water vapor absorbed by the polymer film. The typical accuracy of this type of sensors may
range from *1.7% to +5%, which can meet the requirements in some consumer electronics,
for example for use in environmental sensing and medical devices for breath testing. Another
method for measuring relative humidity may be to use a “chilled-mirror” dew-point
hygrometer. A “chilled-mirror” dew-point hygrometer may include a miniature polished
mirror that may be cooled by a Peltier thermoelectric heat pump until the mirror reaches the
dew-point of the water vapor under test. When the dew point temperature has been reached,
condensation will begin to form on the mirror surface. The “chilled-mirror” dew-point

hygrometer may include an electro-optical loop to detect a reduction of the light intensity
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reflected from the mirror surface and thereby, detect that condensation. The typical accuracy
of such a dew-point hygrometer may be +0.1°C according to relative humidity accuracy of
+0.014% at a relative humidity of 1%. The high accuracy of a “chilled-mirror” dew-point
hygrometer may allow it to be applied to a range of high-end applications including
metrology laboratories, aerospace, natural gas, petrochemical and meteorology. However,
there are many barriers to using the “chilled-mirror” dew-point hygrometer, including its high
cost, large size and slow response rate. Other potential disruptive solutions for high accuracy
detection of relative humidity include carbon nanotubes and graphene which exhibit very
high humidity sensitivity. However, such solutions still require further development in order
to be understood and applied to practical applications. As such, there is a need for a humidity
sensor that can achieve high accuracy with a relatively fast response rate, while being
relatively small size and being available at a low cost.

[0039] FIG. 1 shows an electrical humidity sensor 100 belonging to the state of the art. The
electrical humidity sensor 100 may be a miniaturized electrical sensor for measuring relative
humidity in the air. The electrical humidity sensor 100 may function based on the principle of
sensing variations in capacitance or impedance. The electrical humidity sensor 100 may
include a top electrode 102A and a bottom electrode 102B. The top electrode 102A and the
bottom electrode 102B may sandwich a polymer film 104. The top electrode 102A and the
bottom electrode 102B may be porous so as to allow water vapor in the surrounding
environment to be absorbed into the polymer film 104. The permittivity of the polymer film
104 may change as the amount of absorbed water vapor changes. The change in permittivity
of the polymer film 104 may cause the capacitance or impedance between the top electrode
102A and the bottom electrode 102B to change. The accuracy of the humidity sensor 100 is
typically low and may be in the range of about £1.7% to #5%. This accuracy level may not
be sufficient for high-end applications such as metrology laboratories, aerospace, natural gas,
petrochemical and meteorology.

[0040] FIG. 2A shows a “chilled-mirror” dew-point hygrometer 200A belonging to the state
of the art. The “chilled-mirror” dew-point hygrometer 200A may include a mirror 202, a
cooler 204, a light source 206, a light detector 208 and a controller 210. The mirror 202 may
be a miniature polished mirror. The cooler 204 may be a Peltier thermoelectric heat pump.
The mirror 202 may be cooled by the cooler 204 until the mirror 202 reaches the dew-point

of the water vapor under test. When the temperature has been reached, condensation will
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begin to form on the surface of the mirror 202. A light source 206 may be used to direct a
beam of light onto the surface of the mirror 202, while a light detector 208 may be positioned
to receive the light that is reflected off the surface of the mirror 202. As condensation is
formed on the surface of the mirror 202, the intensity of the reflected light is reduced. The
light detector 208 and the controller 210 may be part of an electro-optical loop for detecting
that condensation is formed by detecting a reduction of the light intensity reflected from the
mirror surface. The typical accuracy of the “chilled-mirror” dew-point hygrometer 200A may
be about +0.1°C according to relative humidity accuracy of £0.014% at relative humidity 1%.
While the “chilled-mirror” dew-point hygrometer 200A may achieve high accuracy, its high
cost, large size and slow response may create barriers for its adoptions in practical
applications. Due to the need for a bulky chilled mirror and cooling system, the “chilled-
mirror” dew-point hygrometer 200A may be large in size. Also, the large thermal capacitance
of bulky chilled mirror and cooling system may also cause the “chilled-mirror” dew-point
hygrometer 200A to have a long response time. The “chilled-mirror” dew-point hygrometer
200A may also be costly, often costing more than US$30,000 for a system that is able to
achieve a relative humidity (RH) accuracy of about +0.3% accuracy.

[0041] FIG. 2B shows a graph 200B showing a relationship between frost point and time,
used in a temperature sensor based dew point humidity sensor, such as the “chilled-mirror”
hygrometer 200A, for determining RH. The graph 200B includes a horizontal axis 220
indicating time; and a vertical axis 222 indicating frost point in degrees Celsius (°C). In the
traditional temperature sensor based dew point humidity sensor, the RH is determined based
on the frost point.

[0042] FIG. 3A shows a sensor arrangement 300A according to various embodiments. The
sensor arrangement 300A may include a filter 332 configured to provide an output signal
having an output wavelength, the output wavelength having a dependence on a temperature
of the filter 332. The dependence may include a proportionality constant having a first value.
The sensor arrangement 300A may further include a temperature module 334 configured to
change the temperature of the filter 332. The sensor arrangement 300A may further include a
controller circuit 336 configured to control the temperature module 334 for changing the
temperature of the filter 332 until the output wavelength increases with decreasing
temperature. The controller circuit 336 may alternatively be configured to control the

temperature module 334 for changing the temperature of the filter 332 until the
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proportionality constant changes from the first value to a second value. The sensor
arrangement 300A may further include a determination circuit 338. The determination circuit
338 may be configured to determine the minimum value of the output wavelength and may
be further configured to determine a dew point of an environment surrounding the sensor
arrangement 300A, based on the minimum value of the output wavelength and the
dependence. The determination circuit 338 may alternatively be configured to determine the
dew point of the environment surrounding the sensor arrangement 300A, based on the
temperature of the filter when the proportionality constant changes from the first value to the
second value.

[0043] In other words, according to various embodiments, a sensor arrangement 300A may
include a filter 332, a temperature module 334, a controller circuit 336 and a determination
circuit 338. The filter 332 may be configured to provide an output signal. The filter 332 may
include a waveguide or a waveguide circuit, for example a waveguide including silicon. The
waveguide may be a single-mode waveguide, such as nanometer-sized waveguide. The
waveguide may be patterned as at least one of a microring resonator cavity, a disk resonator
cavity or a photonic crystal cavity. The filter 332 may include at least one of a microring
resonator or a disk resonator. The filter 332 may include at least one of a resonator, an
interferometer or a photonics crystal structure. The filter 332 may include at least one of a
Mach-Zehnder interferometer or a Michelson interferometer. The output signal may be an
electromagnetic wave. The output signal may be an electromagnetic wave having a
wavelength in the visible range, i.e. the output signal may be an optical signal. Accordingly,
the filter 332 may be an optical filter. The output wavelength may be dependent on a
temperature of the filter 332. In other words, the output wavelength of the output signal may
vary according to the temperature of the filter 332. The relationship between the output
wavelength and the filter temperature may include a proportionality constant which may
change from a first value to a second value as the filter temperature changes. The output
wavelength may be directly proportional to the filter temperature. The output wavelength
may decrease with decreasing temperature when the temperature of the filter is above the dew
point. The output wavelength may increase with decreasing temperature when the
temperature of the filter is below the dew point.

[0044] The temperature module 334 may be configured to change the temperature of the

filter 332, i.e. at least one of increase or decrease the filter temperature. The temperature
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module 334 may be at least one of a cooler or a heater. The temperature module 334 may be
configured to change the temperature of the filter 332 monotonically. The temperature
module may include a cooler unit, such as a Peltier cooler. The controller circuit 336 may be
configured to control the temperature module 334 for changing the temperature of the filter
332, until the output wavelength increases with decreasing temperature. The controller circuit
336 may alternatively be configured to control the temperature module for changing the
temperature of the filter 332 until the proportionality constant changes from the first value to
a second value. The controller circuit 336 may be software loaded onto a memory module of
a computing device, or may be a hardware processor such as a microchip. The controller
circuit 336 may provide control commands to the temperature module 334 so as to instruct
the temperature module 334 to change the temperature of the filter 332. The controller circuit
336 may also be integral to the temperature module 334.

[0045] The determination circuit 338 may be configured to determine a minimum value of
the output wavelength, and further configured to determine the dew point of the environment
surrounding the sensor arrangement 300A, based on the minimum value of the output
wavelength. The determination of the dew point may be further based on the dependence
between the output wavelength and the temperature of the filter 332. The determination
circuit 338 may be configured to determine the dew point, further based on an initial
temperature of the environment. The determination circuit 338 may alternatively be
configured to determine the temperature of the filter 332 when the proportionality constant
changes from the first value to the second value, and use the determined temperature to
determine a dew point of an environment surrounding the sensor arrangement. The
dependence between the output wavelength and the temperature of the filter 332 may be a
directly proportional dependence. The dependence may further be a linear dependence. The
dependence may be linear before the temperature of the filter 332 reaches the dew point, i.e.
when the filter 332 is warmer than the dew point. The output wavelength may decrease with
decreasing temperature when the temperature of the filter 332 is above the dew point. In other
words, when the filter 332 is warmer than the dew point, the output wavelength may be
positively proportional to the temperature of the filter 332. When the temperature of the filter
332 is below the dew point, the output wavelength may increase with decreasing temperature.
In other words, when the filter 332 is cooler than the dew point, the output wavelength may

be negatively proportional to the temperature of the filter 332.
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[0046] FIG. 3B shows a sensor arrangement 300B according to various embodiments. The
sensor arrangement 300B may be similar to the sensor arrangement 300A in that it may
include a filter 332, a temperature module 334, a controller circuit 336 and a determination
circuit 338. As compared to the sensor arrangement 300A, the sensor arrangement 300B may
further include a wavelength meter 340 configured to measure the output wavelength. The
sensor arrangement 300B may further include a recorder 342 configured to record the output
wavelength. The sensor arrangement 300B may further include a computation circuit 344
configured to compute a relative humidity of the environment based on the dew point.

[0047] According to various embodiments, the filter 332 of the sensor arrangement 300A or
300B may be configured to provide an output signal having an output wavelength, the output
wavelength having a dependence on a temperature of the filter 332, wherein the dependence
comprises a proportionality constant having a first value. The controller circuit 336 of the
sensor arrangement 300A or 300B may be configured to control the temperature module 334
for changing the temperature of the filter 332 until the proportionality constant changes from
the first value to a second value. The determination circuit 338 of the sensor arrangement
300A or 300B may be configured to determine a dew point of an environment surrounding
the sensor arrangement, based on the temperature of the filter 332 when the proportionality
constant changes from the first value to the second value.

[0048] FIG. 4 shows a flow diagram 400 showing a method of operating a sensor
arrangement according to various embodiments. In 440, an output signal having an output
wavelength may be provided using a filter. The output wavelength may have a dependence
on a temperature of the filter. In 442, the temperature of the filter may be changed using a
temperature module. In 444, the temperature module may be controlled to change the
temperature of the filter until the output wavelength increases with decreasing temperature.
The temperature module may be controlled using a controller circuit. In 446, a dew point of
an environment surrounding the sensor arrangement may be determined, based on a
minimum value of the output wavelength and the dependence.

[0049] FIG. 5 shows a flow diagram 500 showing a method of operating a sensor
arrangement according to various embodiments. In 550, an output signal having an output
wavelength may be provided using a filter. The output wavelength may have a dependence of
a temperature of the filter, wherein the dependence comprises a proportionality constant

having a first value. In 552, the temperature of the filter may be changed using a temperature
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module. In 554, the temperature module may be controlled to change the temperature of the
filter until the proportionality constant changes from the first value to a second value, using a
controller circuit. In 556, a dew point of an environment surrounding the sensor arrangement
may be determined, based on the temperature of the filter when the proportionality constant
changes from the first value to the second value.

[0050] According to various embodiments, a sensor arrangement may be provided as a
miniaturized, cost-effective solution for high accuracy dew-point detection and relative
humidity detection. The sensor arrangement may be the sensor arrangement 300A or the
sensor arrangement 300B. The sensor arrangement may be fabricated with integrated silicon
photonics technology so that the sensor arrangement may be small in dimensions while still
capable of achieving high measurement accuracy. The sensor arrangement may include a
partially exposed silicon microring resonator which may sense the water condensation and
may also act as a self-calibrated high accuracy temperature sensor simultaneously. The dew-
point value may be measured by recording resonance wavelength changes of the microring
resonator. The sensor arrangement may achieve a faster response rate and a smaller physical
dimension as compared with the traditional “chilled-mirror” based solutions such as the
hygrometer 200A of FIG. 2A. Meanwhile, the sensor arrangement may also achieve a higher
accuracy as compared to the accuracy of the miniaturized thin-film absorption based
electrical relative humidity sensors, such as the humidity sensor 100 of FIG. 1.

[0051] According to various embodiments, any one of the sensor arrangements 300A or
300B may be an integrated chip sensor. The integrated chip sensor may include a nano-
photonics sensing element implemented on a single chip. The nano-photonics sensing
element may include the filter 332, which may be implemented on a photonics chip. The
filter 332 may be a microelectromechanical systems (MEMS) device. The filter 332 may be a
nano-waveguide structure. The integrated chip sensor may determine RH through wavelength
detection rather than temperature sensing. The integrated chip sensor may be able to detect
dew point using optical wavelength signal, independently of the cooling current. The
integrated chip sensor may be able to achieve self-calibration, as the wavelength value is
directly linked to the temperature value when the nano-waveguide structure is fabricated. In
other words, the dependence of the output wavelength on the temperature of the filter 332
may be determined when the filter 332 is fabricated. The integrated chip sensor may be easily

mass produced in a Complementary Metal-Oxide Semiconductor (CMOS) line, and may be
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compact in chip size. All elements of the integrated chip sensor, including light source,
photonics sensing chip and wavelength detection part may be integrated on a single silicon
chip. The photonics sensing chip may include the filter 332. The wavelength detection part
may include the determination circuit 338 and may further include the controller circuit 336.
[0052] The design and principle of a sensor arrangement according to various embodiments
will be explained in the following paragraphs.

[0053] Dew-point is the temperature at which dew forms. In other words, it is defined as the
temperature at which vapor begins to condense out of the gaseous phase. It is also the
temperature to which air must be cooled at constant pressure and water content to reach
saturation. Dew-point is dependent on the ratio of the vapor pressure in the atmosphere to the
saturation vapor pressure at the same temperature. Therefore, dew point may be used as a
measure of atmospheric moisture. The concentration of moisture, hydrocarbon gases and
other gases may be determined by monitoring the dew point of the gas.

[0054] Relative humidity (RH), usually expressed as a percentage, is the ratio of the water
vapor pressure in the atmosphere to the saturation vapor pressure at the same temperature,
which is defined as

RH :%XMO% (D

s

where P,, denotes the saturation vapour pressure at dew point temperature while P, denotes
the saturation vapour pressure at actual air temperature. Each of P,, and Py may be measured
in units of hectopascals (hPa). RH is dependent on the air temperature. The air temperature
may be denoted herein as 7.

[0055] The saturation pressure, P, may be expressed using the Magnus formula as

(f—;)
P=q-e*h @)

8

where @, f and A are the Magnus parameters.
[0056] In the temperature range of -45°C to about +60°C, the Magnus parameters may be
given by ¢ =6.112hPa, f=17.62, and A =243.12°C. By restating Equation (2), the dew-

point temperature, denoted herein as 7pp and measured in units of degrees Celsius (°C), may

be expressed as
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[0057] Combining Equations (1) to (3), Tpp may be expressed by RH and T as
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[0058] FIG. 6 shows a graph 600 showing the relationship between Tpp and RH, as well as
the relationship between Tpp and the accuracy of RH, when Ty is 25°C. The graph 600
includes a first vertical axis 660 indicating RH in %; a second vertical axis 662 indicating the
accuracy of RH in %; and a horizontal axis 664 indicating 7pp in °C. The graph also includes
a first plot 666, and a second plot 668. The first plot 666, which should be read together with
the first vertical axis 660, shows the relationship between 7pp and RH. The second plot 668,
which should be read together with the second vertical axis 662, shows the absolute accuracy
of RH when the Tpp accuracy is #0.1°C. As RH is decreased from 100% to 1%, the
corresponding dew-point temperature is dropped from 25°C to -35°C while the detection
accuracy improves from #0.6% to +0.014%. The second plot 668 shows that the dew-point
RH sensor has a higher accuracy in a dry environment.

[0059] In silicon photonics, it is known that the refractive index of a silicon waveguide may
vary as the temperature of the silicon waveguide changes. This phenomenon is known as the

thermo-optic effect (TOE). In other words, the TOE refers to the thermal modulation of the
refractive index of a material. A typical thermo-optic coefficient, herein denoted as z—:, of a
crystal silicon based optical waveguide may be expressed as

2—: = 1.8 x 10* + 3.47 x 1077-1.98 x 1071972 5)

[0060] In the case of a microring resonator based on a silicon waveguide, the resonance
wavelength of the microring resonator may be directly linked to its temperature. The

resonance wavelength may be expressed as

Mzﬁﬂﬂ (6)
n, dT
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where 4y denotes the resonance wavelength at initial state, n, denotes the group velocity of
. . L d -
the light in the microring resonator, d—: denotes the TOE coefficient, and AT denotes the

temperature change. Temperature controlled photonic chips, such as optical switch,
modulators and tunable optical filters, may be implemented based on the thermo-optics effect
principle. Silicon photonics chips may also be used as a linear temperature sensor with very
high sensitivity.

[0061] When light propagates in a waveguide, a strong evanescent wave may be generated
outside the waveguide, and the characteristics of the light, including intensity, phase, and
frequency, may be modulated by changing the surrounding medium. To improve the
sensitivity and reduce the length of the sensing waveguide, the waveguide circuit may be
patterned as at least one of a microring resonator cavity, photonic crystal cavity, or disk
resonator cavity. The waveguide circuit may transfer phase changes into wavelength shift. A
resonator with a high quality factor may be able to resolve the changes of the dielectric
properties of the surrounding medium with very high precision via detecting the resonance
wavelength shift or frequency shift.

[0062] FIG. 7 shows a schematic diagram of a sensor arrangement 700 according to various
embodiments. The sensor arrangement 700 may be the sensor arrangement 300A of FIG. 3A
or the sensor arrangement 300B of FIG. 3B. The sensor arrangement 700 may be a high
accuracy dew-point humidity detection device. The sensor arrangement 700 may include a
broadband light source 770, a photonic chip 772, a wavelength meter 740 and a temperature
module 734. The photonic chip 732 may include a filter that is at least substantially similar
to, or identical to the filter 332 of the sensor arrangement 300A or 300B. The photonic chip
732 may include a resonator. The resonator may be the filter. The resonator may be at least
one of a ring resonator, disk resonator, Mach-Zehnder interferometer, Michelson
interferometer or photonics crystal structures. The resonator may also include any other
photonic structures. The resonator may be a partially exposed microring resonator. The
photonic chip 732 may be configured to be the sensing element of the sensor arrangement. In
particular, the photonic chip 732 may be configured to sense a change in the humidity in the
atmosphere, through a shift in the resonance wavelength of its resonator. The wavelength
meter 740 may be at least substantially similar to, or identical to the wavelength meter 340 of
the sensor arrangement 300B. The temperature module 734 may be at least substantially

similar to, or identical to the temperature module 334 of the sensor arrangement 300A or
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300B. The temperature module 734 may be at least one of a cooler or a heater. The
temperature module 734 may be for example, a Peltier cooler. The photonic chip 732 may be
arranged on the temperature module 734. The broadband light source 770 may be configured
to provide a light beam and may be further configured to couple the light beam into the
photonic chip 732. The photonic chip 732 may be configured to generate an output optical
signal that has a periodic resonance wavelength. The resonator of the photonic chip 732 may
filter an input optical signal to provide the output signal. The output optical signal with the
periodic resonance wavelength may be injected into the wavelength meter 740 to record the
resonance wavelength in real time. The recordings of the resonance wavelength may be
plotted into a graph, for example, as shown in FIG. 9. As the photonic chip 732 is cooled-
down, before its temperature reaches the dew-point, the resonance wavelength may exhibit a
blue-shift as the temperature decreases, due to the TOE of silicon as explicated by
Equation 6. As the photonic chip 732 is cooled down past the dew point, the resonance
wavelength may exhibit a red-shift as the temperature continues to decrease, as a result of
water condensation on the photonic chip 732. In other words, the output wavelength may start
to increase with decreasing temperature, when the photonic chip 732 is cooled down to the
dew point temperature. This wavelength shift is recorded by the wavelength meter, as shown
in FIG. 9. It may also be possible that the rate of decrease of resonance wavelength with
decreasing temperature greatly slows down, but does not experience a red-shift. In other
words, the proportionality constant of the dependence between the output wavelength and the
temperature of the photonic chip 732 may change from a first value to a second value. The
second value may be lower in magnitude than the first value. This may occur when the
amount of water condensation is insufficient to result in a red-shift of the resonance
wavelength, for example, if the cooling power is too high and the evanescent light of the
resonator is very small. Although a red-shift may not occur, the rate of decrease in the
resonance wavelength may still exhibit a slow down, past the dew-point.

[0063] According to various embodiments, a broadband light emitted from a light source
may be injected into the photonics chip 732, also referred herein as the photonics chip. The
photonics chip may be one of a ring resonator, disk resonator, Mach—Zehnder interferometer,
Michelson interferometer, photonics crystal structures or any other structures which can
generate temperature (T)-dependent wavelength signals. The wavelength () signal may also

be significantly affected by changes in the refractive index (n) of the surroundings of the
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photonics chip. The wavelength signal, as modulated by the photonics chip and the refractive
index changes of the surroundings of the photonics chip, may be recorded by the wavelength
meter 740. Based on the relationship of A=f{7,n), the wavelength at the initial temperature 7,
and the wavelength at the dew point temperature 7pp can be expressed by Ay and A
respectively. Therefore, the relative humidity (RH) can be expressed as RH= f (T, Tpp)= f(Ao,
M). The dew-point may be determined more accurately, quicker and independently of cooling
speed, by measuring the optical wavelengths, instead of measuring temperature.

[0064] FIG. 8A shows another schematic diagram 800A of a sensor arrangement according
to various embodiments. The sensor arrangement may be at least substantially similar to the
sensor arrangement 700. The sensor arrangement may include a photonics chip 732 and a
temperature module 734. The temperature module 734 may be a Peltier cooler. The photonics
chip 732 may include a filter. The filter may be a resonator 880.

[0065] FIG. 8B shows a scanning electron microscope image 800B showing a photonics
chip according to various embodiments. The photonics chip may be the photonics chip 732 of
FIG. 8A, which includes a resonator 880. The resonator 880 may be at least one of a
microring resonator or an optical cavity such as a Fabry-Pérot cavity. The resonator 880 may
resonate at a resonance frequency, such that the resonator 880 may function as a filter. The
filtering function of the resonator 880 may depend on the resonance frequency of the
resonator 880. In other words, the resonator 880 may receive an input light beam and
generate an output light beam, wherein the output light beam has a frequency dependent on
the resonance frequency. The resonance frequency of the resonator 880 may depend on a
temperature of the resonator 880, and may further depend on the optical properties of matter
surrounding the resonator 880. For example, the amount of condensation on the resonator 880
may affect the optical properties of the matter surrounding the resonator 880 and thereby
change the resonance frequency of the resonator 880.

[0066] FI1G. 9 shows a graph 900 showing typical changes in the resonance wavelength over
time, as recorded for a sensor arrangement according to various embodiments. The graph 900
may be plotted from the data points recorded by the wavelength meter 740 of FIG. 7. In other
words, the graph 900 shows the wavelength shift that occurred in the sensor arrangement 700
of FIG. 7. The graph 900 includes a vertical axis 990 indicating resonance wavelength; and a
horizontal axis 992 indicating time. The graph 900 further includes a first plot portion 994

and a second plot portion 996. The first plot portion 994 is plotted from the time when the

17



WO 2016/190816 PCT/SG2016/050247

photonic chip 732 is at the initial temperature 7y, to the time when the temperature of the
photonic chip 732 reaches the dew-point temperature Tpp. The second plot portion 996 is
plotted from the time when the temperature of the photonic chip 732 increases from 7pp. The
first plot portion 994 reflects the “blue-shift” of the output signal while the second plot
portion 996 reflects the “red-shift” of the output signal.

[0067] When the photonic chip is cooled to the dew-point temperature, some water
molecules may be condensed on the filter, which increases the effective index of the filter
structure abruptly because of the higher refractive index of water. The filter may be the
microring resonator. The refractive index of water is about 1.32 while the refractive index of
air is 1. As a result, the resonance wavelength of the filter may exhibit a red-shift. In other
words, the resonance wavelength of the resonator increases. The red-shift of the resonance
wavelength is indicated by the second plot portion 996. The dew-point temperature
information may be derived by recording the inflection point 998 accordingly. Through the
relationship between dew-point and relative humidity given by Equation (4), the RH value
may be obtained. As the measurements relate to optical wavelengths and does not involve the
measurement of ‘absolute’ temperatures, the accuracy of the sensor arrangement 700 in
determining relative humidity may be greatly improved over conventional humidity sensors.
[0068] In the following, the experimental results of a sensor arrangement according to
various embodiments will be described.

[0069] FIG. 10 shows a graph 1000 showing the dew-point measured using a prototype RH
sensor. The prototype RH sensor may be at least substantially similar to the sensor
arrangements 300A, 300B or 700. The graph 1000 includes a vertical axis 1002 indicating
wavelength in nanometers; and a horizontal axis 1004 indicating cooling temperature in °C.
The graph 1000 further includes a first plot portion 1006, and a second plot portion 1008. An
intersection between the first plot portion 1006 and the second plot portion 1008, in other
words, the wavelength inflection point 1010, denotes the dew point. The wavelength
inflection point 1010 was a result of water condensation accumulating on the filter, i.e. the
resonator when the photonics chip was cooled down to the dew point. In the experiment, the
environmental temperature, in other words, the initial temperature, 7Ty, was 23.86°C. The
temperature at wavelength inflection point 1010 was 14.53°C. The RH derived from these

parameters using Equation (4) is about 55.93%.
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[0070] A chilled-mirror” dew-point sensor, such as the chilled-mirror” dew-point hygrometer
200A, may face inaccuracies in its measurements due to errors associated with thermal
management, especially when the dew-point is very low. There may be a small difference in
temperature between the "chilled-mirror" and the embedded thermistor, due to thermal
distribution issues. The same issue may also occur if a thermistor is placed under the filter to
detect the dew-point, due to uneven thermal distribution and slow conducting of heat between
the filter and the thermistor. The sensor arrangement according to various embodiments may
overcome the abovementioned problem by employing the TOE to present the real
temperature of the filter, where a relationship between the resonance wavelength and the
temperature of the filter is defined. The filter may be a resonator, and may include a
waveguide. The resonator may be a microring resonator. The sensor arrangement may not
encounter thermal distribution-associated errors, as the sensor arrangement determines the
temperature of the filter using the filter itself. It may be regarded as a self-calibration process
for high accuracy dew-point detection.

[0071] FIG. 11 shows a graph 1100 showing the results of self-calibration of a filter
according to various embodiments. The filter may be a microring resonator. The filter may
act as a linear temperature sensor based on the principle of TOE. The graph 1100 includes a
vertical axis 1102 indicating resonance wavelength of the resonator; and a horizontal axis
1104 indicating temperature in °C. The graph 1100 includes a first plot 1106 composed of
rhombuses, and a second plot 1108 composed of triangles. The first plot 1106 depicts the
dynamic response of resonance wavelength against temperature, as measured by a thermistor.
The second plot 1108 shows the corrected response of resonance wavelength against
temperature as obtained based on the resonance wavelength and the relationship between the
resonance wavelength and the temperature of the filter Comparing the first plot 1106 and the
second plot 1108, it can be seen that the first plot shows an error with the measured RH value
of 76.9% at point A 1110. After including the TOE calibration, the real RH value of 45.6% at
point A' 1112 is obtained.

[0072] FIGS. 12 to 15 show dew-point measurement according to the sensor spectrum
response at different temperatures, for sensor arrangements according to various
embodiments.

[0073] FIG. 12 shows a graph 1200 showing the changes in the resonance wavelength as the

temperature of the filter decreases, when the thermoelectric cooling (TEC) current is 100mA.
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The graph 1200 includes a vertical axis 1202 indicating resonance wavelength in nm; and a
horizontal axis 1204 indicating temperature in °C. The inflection point 1206 corresponds to a
resonance wavelength of about 1552.9nm.

[0074] FIG. 13 shows a graph 1300 showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the TEC current is 200mA. The graph 1300 includes
a vertical axis 1302 indicating resonance wavelength in nm; and a horizontal axis 1304
indicating temperature in °C. The inflection point 1306 corresponds to a resonance
wavelength of slightly above 1552.9nm.

[0075] FIG. 14 shows a graph 1400 showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the TEC current is 300mA. The graph 1400 includes
a vertical axis 1402 indicating resonance wavelength in nm; and a horizontal axis 1404
indicating temperature in °C. The inflection point 1406 corresponds to a resonance
wavelength of slightly above 1552.9nm.

[0076] FIG. 15 shows a graph 1500 showing the changes in the resonance wavelength as the
temperature of the filter decreases, when the TEC current is 300mA. The graph 1500 includes
a vertical axis 1502 indicating resonance wavelength in nm; and a horizontal axis 1504
indicating temperature in °C. The data points of the graph 1500 were recorded under the same
cooling conditions as the data points of graph 1400. The inflection point 1506 corresponds to
a resonance wavelength of slightly above 1552.9nm, similar to the inflection point 1406 of
the graph 1400. As can be seen, the sensor arrangement is able to achieve consistent
repeatability of the inflection point. Although the temperatures given by the thermistor in the
graph 1500 are different from the temperatures given by the thermistor in the graph 1400, the
inflection point of the resonant wavelength as indicated by the horizontal axis in the graph
1500 is at least substantially similar to the inflection point of the resonant wavelength as
indicated by the horizontal axis in the graph 1400.

[0077] As can be seen from FIGS. 12 to 15, the changes in the output wavelength generally
follow the same pattern, irrespective of the rate of temperature change in the environment as
controlled by the TEC current. In all of these graphs 1200 to 1500, the output wavelength
always experiences a blue-shift, followed by a red-shift as the environmental temperature
cools down. And more importantly, the inflection point (i.e. from blue-shift to red shift) is
almost corresponding to a constant wavelength, indicating the dew-point. Nevertheless, it

may be possible that the red-shift does not occur, such as when the amount of condensation
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on the filter is too small, when the cooling power is too high or when the evanescent light of
the resonator is very small. In such cases, the dew point can still be determined by identifying
the point where the rate of change in the output wavelength changes. For example, the output
wavelength in the usual blue-shift region may have a first rate of change, i.e. proportionality
constant of a first value, and when the temperature of the filter drops below the dew point
temperature, the output wavelength exhibits a different rate of change in relation to
temperature, i.e. proportionality constant of a second value. The rate of change in the output
wavelength may slow down substantially at below the dew point temperature.

[0078] FIG. 16 shows a table 1600 showing the typical standard deviation in the
measurements of a sensor arrangement according to various embodiments. As can be seen in
the table 1600, the standard deviation in the resonance wavelength measurement is about
0.0125nm while the standard deviation in the dew-point temperature is about 0.19°C.
Accordingly, the standard deviation of the derived RH is about +0.13%, which is much lower
than the typical value of 5% of state of the art humidity sensors. The sensor arrangement
may achieve a higher accuracy than state of the art humidity sensors, in the determination of
RH.

[0079] According to various embodiments, the sensor arrangement may achieve advantages
over existing RH sensors, in terms of sensor size, cost, and accuracy. The sensor arrangement
may meet the requirements of many applications for high-end users. The sensor arrangement
may achieve an accuracy level of #0.2°C at 45% RH. The sensor arrangement may also have
a quick response time of about 2 to 5 seconds. The sensor arrangement may be small in size,
for example 3mm x 1.9mm x 0.9mm. The sensor arrangement may be achievable at a cost of
about US$10-30.

[0080] According to various embodiments, the sensor arrangment may be achieved through a
chip-level solution. Using the TOE and wavelength detection method, the sensor arrangment
may achieve a high accuracy detection of RH, powered by self-calibration. The sensor
arrangement may be a disruptive solution for sustaining growth for accurate and reliable
moisture measurement in aerospace, meteorology, natural gas, automotive, petrochemical,
agriculture, biology, pharmaceutical and environmental sensing, such as indoor air quality
monitoring.

[0081] While embodiments of the invention have been particularly shown and described with

reference to specific embodiments, it should be understood by those skilled in the art that
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various changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is thus
indicated by the appended claims and all changes which come within the meaning and range
of equivalency of the claims are therefore intended to be embraced. It will be appreciated that
common numerals, used in the relevant drawings, refer to components that serve a similar or

the same purpose.
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Claims

1. A sensor arrangement comprising:

a filter configured to modulate an electromagnetic wave at
least partially based on a temperature of the filter;

a temperaturc control module configured to change the
temperature of the filter;

a controller circuit configured to control the temperature
control module to change the temperature of the filter
until a wavelength of the modulated electromagnetic
wave increases with decreasing {emperature after
reaching a minimum value; and

a determination circuit configured to determine a dew
point of an environment surrounding the sensor
arrangement, based on the minimum value of the
wavelength.

2. The sensor arrangement of claim 1, wherein the wave-
length decreases with decreasing temperature when the
temperature of the filter is above the dew point.

3. The sensor arrangement of claim 1, wherein the wave-
length increases with decreasing temperature when the tem-
perature of the filter is below the dew point.

4. The sensor arrangement of claim 1, farther comprising
a wavelength meter configured to measure the wavelength.

5. The sensor arrangement of claim 1, further comprising
a recorder configured to record the wavelength.

6. The sensor arrangement of claim 1, further comprising
a computation circuif configured to compute, a relative
humidity of the environment based on the dew point.

7. The sensor arrangement of claim 1, wherein the deter-
mination circuit is further configured to determine the mini-
mum value of the wavelength.

8. The sensor arrangement of claim 1, wherein the wave-
length of the modulated electromagnetic wave has a first
linear dependence on the temperature of the filter when the
temperature of the fitter is below the dew point and wherein
the wavelength of the modulated electromagnetic wave has
a second linear dependence on the temperature of the filter
when the temperature of the filter is above the dew point.

9. The sensor arrangement of claim 1, wherein the deter-
mination circuit is configured to determine the dew point,
further based on an initial temperature of the environment.

10. The sensor arrangement of claim 1, wherein the filter
is an optical filter.

11. The sensor arrangement of claim 1, wherein the filter
is a microelectromechanical systems device.

12. The sensor arrangement of claim 1, wherein the filter
comprises a waveguide.

23



13. The sensor arrangement of claim 1, wherein the filter
comprises at least one of a resonator, an interferometer or a
photonics crystal structure.

14. The sensor arrangement claim 1, wherein the filter
comprises at east on of a microring resonator or a disk
resonator.

15. The sensor arrangement of claim 1, wherein the filter
comprises at least one of a Mach-Zehnder interferometer or
a Michelson interferometer.

16. The sensor arrangement of claim 1, wherein the
temperature control module changes the temperature of the
filter monotonically.

17. The sensor arrangement of claim 1, wherein the
temperature control module comprises a cooler unit.

18. The sensor arrangement of claim 1, wherein the filter
comprises a wavegnide configured to modulate the electto-
magnetic wave, wherein a refractive index of the waveguide
is dependent on the temperature of the filter.

19. A method of operating a sensor arrangement, the
method comprising:

modulating an electromagnpetic wave at least partially

based on a temperature of a filter;

changing the temperature of the filter using a temperature

module;

controlling the temperature module to change the tem-

perature of the filter until the wavelength increases with
decreasing temperature after reaching a minimum
value using a controller circuit; and

determining a dew point of an environment surrounding

the sensor arrangement, based on the minimum value
of the wavelength.

20. A sensor arrangement comprising:

a filter configured to modulate an electromagnetic wave at
least partially based on a temperature of a filter,

wherein a wavelength of the modulated electromagnetic
wave depends on the temperature of the filter, the
dependence comprising a proportionality constant;

a temperature control module configured to change the
temperature of the filter;

a controller circuit configured to control the temperature
control module to change the temperature of the filter
until the proportionality constant changes from a first
value to a second value; and

a determination circuit configured to determine a dew
point of an environment surrounding the sensor
arrangement, based on the temperature of the filter
when the proportionality constant changes from the
first value to the second value.
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