OPTICAL SENSING SYSTEM AND METHOD OF DETERMINING A
CHANGE IN A REFRACTIVE INDEX IN'AN OPTICAL SENSING SYSTEM

_ CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This -application claims the benefit of priority of SG application No.
201207485-2 filed October 8, 2012, the contents of it being hereby incorporated by

reference in its entirety for all purposes.

TECHNICAL FIELD
[002] Various aspects of this disclosure relate to an optical sensing system and

methods of determining a change in a refractive index in an optical sensing system.

BACKGROUND
[003] Label-free optical biological/chemical sensors are essential in the
application of medical diagnosis, healthcare and environmental monitoring etc.
Among ali the approaches, optical microresonator-based biosensorsv are regarded to be
very promising .due to their high sensitivity to refractive index change (~104 - 107
- refractive index unit (RIU)), which are comparablé to the sensitivity of conventiqnal
surface plasmon resonance (SPR) technique. In addition, optical microresonator-based
biosensors typically have compact footprint (~10’s pm — ~100’s pm), and offer
potential large-scale integration with microfluidies. o
[004] Single microring resonator-based biosensors in siiicon-én—insulator (SOI)
have been demonstrated using either conventional microrings. The demonstrated
detection limit ranges from 10” - 107 RIU. . |
[005] However, for nearly all the demonstrated microresonator sensors, the
wavelength-scanning method using wavelength-tunable lasers was considered to be

the “default” technique for measuring | sharp resonant wavelength shift. The
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wavelength-scanning method requires high-resolution wavelength tunable lasers in
order to measure the sharp resonant wavelength shift, in which the detection limit is

limited by the laser resolution. Furthermore, high-resolution wavelength-scanning

lasers are very expensive and not suitable for point-of-care applications.

SUMMARY
[006] In various embodiments, an optical éensing system is provided. The optical
sensin g system may include a light séparation élement configured to separate an input
light into a plurality of sliced lights. The optiéal sensing system may further include a
first resonator configured to receive one sliced light of the plurality of sliced lights.
An effective refractive index of the first resonator may be changeable in response to a
change in a refractive index of a cladding of the first resonator. The optical sensing
system may also include a second resonator coupled to the first resonator. The optical
sensing system may further include a detector configured to measure an intensity of _
the sliced light, the intensity of the sliced light based on a difference between a
resonant wavelength of the first resonator and a resonant wavelength of the second
resonator. The difference between a resonant wavelength of the first resonator and a
resonant wavelength of the second resonator may be based on the effective refractive .
index of the first resonator.
[007] In various embodiments, a method of determining a change in an effective
refractive index of a first resonator in an optical sensing system may Be provided. The
_method may include separating an input light into a plurality of sliced lights. The V
method may further include coupiing one sliced light of the plurality of sliced lights
though a first resonator of a plurality of first resonators to one detector of a plurality
of detectors of the optical sensing system. The method may also include placing a
sample in contact with the first resonator. The method may also include measuring a
change in an intensity of the slicéd light by the detector due to the sample being

placed in contact with the first resonator. The change in intensity may be based on a
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change in a difference between a resonant wavelength of the first resonator and a
resonant wavelength of a second resonator. The method may further include

determining the change in an effective refractive index of the first resonator based on

the change in the intensity of the sliced light.

BRIEF DESCRIPTION OF THE DRAWINGS

[008] The invention wiil be better understood with reference to the detailed
deséription when considered in conjunction with the non-limiting eXamples and the
accompanying drawings, in which:
FIG. 1A is a schematic showing an optical sensing system according to various
embodiments. FIG. 1B is another schematic showing an optical senéing system
according to various embodiments. FIG.. 1C is a further schematic showing an optical
sensing system accordiﬁg to various embodiments
FIG. 2A is a schematic showing aﬁ optical sensing system according to various
¢mbodiments; FIG. 2B is a graph of intensity against wavelength (1) of input light
ouputted .by a tracing element (e.g. second -resonator) according to various
embodiments; FIG. 2C is a graph of intensity against wavelength (1) illus&ating the
separafion of the input light into a plurality of sliced lights according to various
embodiments; FIG. 2D is a schematic illustrating the spectra of each sliced light of
the plurality of sliced light going down the respective branch of the optical sensing
| system shown in FIG. 2A according to various embodiments; and FIG. 2E is a
schematic illustrating the relationship of the resonant wavelength of the second
resonator, the first resonaﬁt wavelength of each first resonator as well as the resultant
respective intensity of the respective sliced optical light.

FIG. 3 is a schematic showing' an optical sensing system according to various
embodiments.

FIG. ‘4A shows a design of a portion of the optical éensing system according to

various embodiments; FIG. 4Bisa scanning electron rhicroscopy (SEM) image of the
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-channel waveguides indicated in FIG. 4A'according to various embodiments; FIG. 4C
is a SEM image of a mode converter for coupling between a slab waveguide ‘and a
channel waveguide according to various embodiments; FIG. 4D is a SEM imége of a
concave grating with bragg gratings according to various embodiments; FIG. 4E is a
S‘EM image of t'he bragg gratings; FIG. 4F is a SEM image of é microrir;g resbnator
with underlying layer removed according to various embodiments; FIG. 4G is a SEM
image of a germanium (Ge) pho;todetector according to various embodiments; FIG.
4H is an image showing oﬁtput light from the 4 waveguides; FIG. 41 is a graph of
transmission (dB) agaiﬁst wavelength l(nm) of the four output lights in FIG. 4H;
FIG. 4] is an image of a portion of the optical sensing system showing a microring
resonétor and the photodetector; and FIG. 4K is an image of three optical sensing
systems fabricated on a substrate.
FIG. 5A shows a schematic view of an optical sensing system aécording to various
embodiments; FIG. 5B is an iﬁage of a sensing resonator according to various
embodiments; FIG, 5C is an image of a tracing resonator according to various .
_Y embodiments; FIG. 5D is a graph of optical power (normalized) against electrical
-power (mW) illustratihg.the measured optical responses of sensing resonators having
different refractive index changes induced by different polymer periods upon
- electrical power supply to the tracing resonator; FIG. 5Eisa graph of electrical power
(mW) against polymer period illustrating the linear fitting of electrical power supplied
| (corresponding 't_o maximum optical response) by the tracing resonator as a function of
polymer periods; FIG. 5F is a graph of optical power (normalized) against electrical
power (mW) obtained when the optical sensing system is used to contact a sample;
and FIG. 5G is a graph of optical power (normalized) against electrical power (mW)
obtained during different experimental runs. FIG. 5H is a graph illustrating the
| difference in electrical power (in pW) to obtain the same optical response in different

experimental runs.
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FIG. 6A is a diagram showing a portion of a optical sensing 4sy.stem having a 8
channel arrayed waveguide grating (AWG) according to various embodiments; and
FIG. 6B ‘is a graph of optical loss (dB) against wavelength (nm) illustrating the
measured transmission spectra of 8 output borts of the AWG shown in FIG. 6A
accofding to various embddiments using a ASE light source. |

FIG. 7is a scherﬁatic ill_ustrating' a method of determining a change in one or more
effective refractive indexes in an optical sensing system according to various

embodiments.

- DETAILED DESCRIPTION

[009] The following detailed description refers fo the accompanying drawingé
that show, by way of illustration, specific details and embodiments in which the
invention may be practiced; These e;mbodiments are described in sufficient detail to
enable those skilled in the art to practice the invention. Other embodiments may be
utilized and structu,ral,v and logical Changes may be made without departing from the
scope of the invc;,ntion. The various embodiments are not necessarily mutually
exclusive, as some embodiments can be combined with one or more other
embodiments to form new embodiments.
[010] In order that the invention may be readily‘understood and put into practicél

effect, particulaf embodiments will now be described by way of examples and not
limitations, and with referenceto the figures.

[011] FIG. 1A is a schematic 100 showing an optiéal senising system 102
according to various embodiments. The optical sensing system 102 may include a
light separation element 104 configured to separate an input light into a plurality of
sliced lights. The optical sensing system 102 inay further include a first resonator 106
configured to receive one sliced light of the plurality of sliced lights. An effective
refractive index of the first resonator 106 may be changeable in response to a change

in a refractive index of a cladding of the first resonator 106. In addition, the optical
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sensing system 102 may inciude a second resonator 108 coupled to the first resonator
106. The optical sensing system 102 may further include a detector 114 configured to
measure an intensity of the sliced light. The intensity of the sliced light may be based
" on a difference between é resonant waveléngth of the first fesonator 106 and a
r;:sbnant wavelength of the second resonator 108. The difference between the _re.sonant
wavelength of the first resonator 106 and the resonant wavelength of the second
resonator 108 may be based on an effective refractive index of the first resonator 106.
[012] In other words, the optical sensing system may include a light separation
element 104 configured to separate an input light into a plurality of component lights,
One component light of the pluraiity of compoflent.lights may be coupled to a first
resonator 106. The effective refractive index of the first resonator 106 may be
dependent on the surroundings in Which the first resonator 106 is pléced in, such as a
sample in which the first _resbnator 106 is in contact with. The optical sensing system
may further include a detector 114 configured to measure an intensity of the sliced light.
The intensity of the sliced light may be dependent on the difference between the
resonant wavelength of the-first resonator 106 and the resonant wavelength of the
second resonator 108, The resonant wavelength of the first resonator 106 may bein turn
be dependent on the effective refractive index of the first resonator 106. |
[013] The different optical elements such as the light separation element 104, the
first resonator 106 and the second resonator 108 may Be ‘coupled to one another in
different manners. FIG. 1B is another schematic 100b showing an optical sensing
system according to various‘ embodiments. FIG. 1C is a further schematic 100c
showing an optical sensing system according to various embodiments.
[014] Coupling’between. a first element and a second element may include direct
coupling between the first elemeﬁt and the second eléement or indirect coupling between
the first optical element and the second optical element via one or more further

clements. The one or more elements further may include waveguides and/or optical
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fibers as well-as other optical elements. For avoidance of doubt, the dotted lines in
FIGS. 1A-C may represent direct coupling or indirect coupling. |

[015]  Invarious embodiments, the difference between the resonant wavelength of
the first resonator 106 and the resonant wavelength of the second resonator 108 may be
based on the resonant wavelength of the first fesonator 106 and the reéonant
wavelength of the sgéond resonator 108. The resonant wavelength of the first resonator
106 may be based on the effective refractive index of the first resonator 106.

[016] In various embodiments, the resonant wavelength of the second resonator
108 may be adjustable to a current or voltage applied to.the second resonator 108.
[017] In various embodiments, if the resonant wavelength of tﬁe second resonator
is kept unchanged, the change in the difference (between the resonaﬁt wavelength of
the first resonator 106 and the resonant wavelength of the second resonator 108) nay be
based on a change in the effective refractive index of the first r‘esonator 106. Further, if
the change or shift in the resonant wavelength of the first resonator 106 may be based
on the change in the effective refractive index of the first resonator 106.

[018] In various embodiments, the optical sensing system 102 may be a
biological/chemical sensor.

[019] In various embodiments, the first resonator 106 may serve as the sensing
element and the’second. resonator 108 may serve as the tracing élément.

[020]  In various embodiments, the optical sensing system 102 may be a microring
resonator—based optical sensor or sensing system. The resonators may be microring
resonators. Thé optical sensing system 102 may include one or more microring
resonators serving as the sensing element or sensing elements.. The optical sensing
system 102 —may include one or more mircroring resonators servihg as the tracing
element or tracing elements.

[021] The optical sensing system 102 may include similarly designed resonators to
.serve as sensing elements and tracing elements. The first resonator 106 may serve as a

sensihg element. The second resonator 108, which is similarly designed as the first
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resonator 106, may serve as a tracing element. The first resonator 106 may be used for

sensing. The second resonator 108 may be used for tracking or responding to any
changes in the properties, .g. effective refractive index,’ of the first résonétor 106. For
instance, the first resonator 106 may be configured to contact a biological or chemical
Sample. The second resonator 108 may be used to track or respond to chanées in
properties of the first resonator 106 as a result of a stimulus., e.g. coming into contact
with the biological sample or chemical sample. In various -embodiments, the first
resonator 106 nﬁay include an underlyihg 13yér. The underlying layer may include
silicon. Additiona_]ly, or alternatively, the underlying layer may include silicon nitride,
silicon oxynitride or silicon oxide. The second resonator 108 may be similar to the first
resonator 106 but without an underlying layer. The absence of an underlying 1ayér for
the second resonator 108 may enhance heat confinement, leading to ultralow .power
consumption for the second resonator 108. With the underlying layer, power
consumption may be relatively high, with up to 10s of mW for a conventional sensing.
The first resonator 106 and the second resonator 108 may be conﬂ@red to have the
same separation between successive resonant wavelengths. In various embodiments,
one resonant wavelength may correspond to one resonant frequericy. When the first
resonator 106 and the second resonator 108 have the same resonant wavelengths, the
first resonator 106 and the second resonator 108 also have the same resonant
frequencies. In this context, “resonant wavelength”b and “resonant frequency” may be
used interchangeably.

[022] Sliced lights in the current context may refer to component lights or
constituent lights or channels. An input light may be separated into a plurality of sliced
light (i.e. component lights or constituent lights or channels) by the light separation
element 104. The input light may be referred to as unseparated light. | o
[023] Each of the plurality of sliced lights has a range of wavelengths. A sliced
light may have a range of wavelengths that is a subset of the range of wavelengths of

the input light. The range of wavelengths of one sliced light of the ;")lurality‘ of sliced
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lights may be different from the range of wavelengths of a further sliced light of the

plurality of sliced lights. In other words, the light separation element 104 may be
~ configured to disperse the input light into component lights of different ranges of
wavelengths. The input light may be generated from a broad band light source. A first
sliced light passing out from the di’spersion element 104 may have a different raﬁge of
wavelengths from a second sliced hght The range of wavelengths of the sliced llght
may or may not overlap with the range of wavelengths from the further sliced light.
The light separation element 104 may be a demultiplexer such as a concave grating or
an array waveguide grating (AWG). The concave grating may include one or more
bragg gratings. |
[024] In various emb_bdiments, the input light may include multiple wavelengths
that may be resonant to the first resonators and/or the second resonators. In other
words, light transmitted through a resonator may exhibit multiple optical intensity
maxima. The period or separation between two successive fransmitted optical
intensity maxima or resonant wavelengths in the resonator may be know as free
spectral range (FSR). The first resonator 106 and the second resonator 108 may be
configured to have the same FSR. |
[025]  Invarious embodiments, the first resonator 106 and the second resonator 108
may be configured to be at resonance. When the first resonator 106 and the second
resonator 108 is af resonance, the intensity of the light received by the first resoﬁator
106 and the second resonator 108 may be at a maximum. Light received by the first
resonator 106 may be a sliced light of a plurality of sliced light. The sliced light ‘may°
have a range of wavelengths, which includes a particular wavelength. The pafticular
wavélength may correspond to .the resonant wavelength of thé first resonator 106 and
the second resonator 108. In various embodiments, light received by the second
resonator 108 may be input light. The input light may also be referred to as unseparated .
| light. The input light or unseparéted light may also include the particular wavelehgth. In

“various alternate embodiments, the sliced light may also be received by the second
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resonator 108. In other words, as long as the light received by the first resonator 106

and the second resonator 108 includes the particular wavelength corresponding to the
resonant wavelength of the first resonator 106 and the resonant Waveléngth of the
second resonator 108, the first resonator 106 and the second resonator 108 may be at
resonance. ‘ ‘ |

- [026] The first resonator 106 and the second resonator 108 may be initially at
resonance Or near resonance (fhe resonant wavelength of the first resonator is within a
predetermined range from the resonant wavelength of the secoﬁd resonétor) such bthat
the light intensity measured by the detector is above a predetermined level. When the
first resonator 106 contacts a sample such as a chemical sample or a biological
sample, the effective refractive index of the first resonator may be changed, which
results a shift in resonant wavelength in the first resonator. The intensity of light
measured or detected by the detector 114 may be reduced. The intensity of the light
may be reduced as the shifted resonant wavelength of the first detector is no longer at
the resonant wavelength of the second resonator or within the pfedetermined range of
the resonant wavelength of the second resonator. The current or voltage may then be
applied to the second resonator 108 to shift the resonant wavelength of the second
resonator so as to match the shift of résonant wavelength of the first resonator. The
application of the current or voltage may result in the intensity of light detected or
‘measured to be increased back to the predetermined level. The current or voltage
applied may be measﬁred to determine the change in the effective refractive index of
the first resonator 106. The change in the effective refractive index of the sensing
resonator may be due to a change in the refractive iﬁdex of the cladding (e. g.‘ upper
cladding layer) of the second resonator 108. In various embodiments, by providing the
second resonator and incorporating thermo-optical tuning ot electro-optical tuning with
the seéond resonator (e.g. the tracing resonator may be dynamically thermally tuned or
electrically tuned, due to thermo-optic (TO) or electro-optic (EO) effect respectively,

(e.g. free carrier dispersion effect, liquid crystal tuning, polymer tuning)), the resonant
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.wavelength shift may be obtained or determined, for example, by directly reading or
determining the current or voltage applied to the second resonator, and/or changes in
the current or voltage applied. The current or voltage may be applied using a voltage/
current supply source.

[027] For TO tuning, the second resonator may include a thermal ﬁeater.
Alternatively, the optical sensing system may include a thermal heater placed in
proximity to the second resonator. The resonant Wavélength shift bf the second .
resonator may be obtained or determined, for example, by directly.'reading or
determining the current or voltage applied to the thermal heater of the second resonator
or optical seﬁsing system, and/or changes in the current or voltage applied.

[028] - One or more electrical interconnections may be connected to the second
resonator 108 for the application of a current or voltage. The second resonator may
also include electrodes for the application of a current or voltage.

[029] In various embodiments,_ the change in the effective 'refractive‘ index of the

first resonator and the change in the current applied to the second resonator has a

n ' : . : .
relationship of An, =2ARIAI-=, where An.gis the change in the effective refractive

index of the first resonator, 4 is thermal efficient (mﬁ/W), R is the resistance of a
thermal heater, / is the current applied to the second resonator, A/ is the change in the
current applied to the second resonator, n, is a group refractive index of the first
resonatbr, and A, is the center wavelength of the first resonator. |

[030] In various embodiments, the difference between the r_esonant. wavelength of
the first resonator and the resonant wavelength of the second resonator niay be
determined based oﬁ the variatipn of light intensity measured by the dete__étor 114. The
intensity of light may be measured prior to the first resonator 106 contacting the
sample. The intensity of light may be measured after the first resonator 106 contacting
the sampie. The change in intensity of light may be used to determine the shifted

resonant wavelength of the first resonator 106 as -a result of contacting the sample.-
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The resonant wavelength of the second resonator 108 may be kept unchanged (i.e. by

‘ not ‘adjusting the volfage or current applied to the second resonator 108). The change
in intensity of light may be used to determine the ShiAﬁed resonant Wavelength bésed
on a known relationship between fhe change in intensity and a change in a difference
b»etween .the resonant wavelength of the first resbnator 106 and the re.sonant
wavelength of the second resonator 108. |
[(031]  In various embodiments, the light separation element 104 may be coupled
between the first resonator 106 and the second resonator 108. The ﬁfst- resonator 106
may be coupled to the detector 114. The second resonator 108 may be coupled to a
light source, e.g. a broadband light source. Light from the light source may be coupled
by an input waveguide to the second resonator 108. The second resonator 108 may be
coupled by a coupling waveguide to the light separation element 104. The ljght
separation element 1.04 may be configured to separéte the input light into a plurality
of sliced lights, each of the plurality of sliced lights having a range of wavelengths.
The optical system 102 may further include a channel waveguide to couple one sliced
light of the plurality of sliced lights to the first resonator 106. The optical syétem 102
may also include an output waveguide ;:onﬁgured to couple the sliced light from fhe
first resonator 106 to the detector 114. |
[032] In various alternate embodiments, the first resonator 106 may be coupled
between the light separation element 104 and the second resonator 108. The light
separation element 104 may be coupled to a light soufce. Light from the light source
may be coupled by an yihput W-aveguide to the light sepération element 104. The light '
separation element 104 may be configured to separate the input light into a plurality
of sliced lights, each of the plurality of sliced lights -.having a range -of wavelengths.
‘The optical system 102 may further include a channel waveguide. to couple one sliced
light of the plurality of sliced lights to the first resonator 106 The optical system 102
may further include one coupling waveguide to couple fhe sliced light from the first

resonator 106 to the second resonator 108. The optical sensing system may further
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include an output waveguide configured to couple the sliced optical light from the
second resonator 108 to the detector 114. - _
[033] In various alternate embodiments, the second resonator 108 may be coupled
between the light éeparation element 104 and the first resonator 106. The light
'separation element 104 may lv)e' coupled to a light source. Light from the li'ght .sou,rce
may be coupled by an input waveguide to the light separation element 104. The light
separation 'eleme'nt 104 may be configured to separate the input light into a plurality
of sliced lights, each of the plurality of sliced lights having a range of wavelengths.
The optical system 102 may further include a channel waveguide to couple one sliced
light of the pluraltity’of sliced lights to the sécond resonator 108. The optical system
102 may further include one coupling waveguide to couple the sliced light from the
second resonator 108 to the first resonator 106. The optical sensing system may
further includé an output waveguide conﬁgured to couple the sliced optical light from
the first resonator 106 to the detecfor 114. | |
[034] In various embodiments, the optical sensing system 102 may include one or
more further first résonatqrs 106. The optical sensing system may additionally include
one or m'ofe further second res.onators‘ 108. The optical sensing system 102 may be
configured for wavelength demultiplexing (WDM) sensing in multiple branches. Each
branch may include a first resonator as a sensing élement. The optical sensing system
102 may have one or more further second resonators 108 as one or more tracing
elements. The light separation element 104 may be configured to separate input light
| . into a plurality of sliced lights. One sliced light of a plurality of sliced light or channel .
may be coupled to each branch. The sliced light in each channel may be detected by a
detector 114. Each branch may include one first resonator 106 and one detector 114.
[035} Various embodiments have édvantages over systems which oniy allow for
single channel sensing. Advantageously, various embodiments having multiple
channels allow- for multi-channel Sensing and/or wavelength demultiplexing‘(WDM)

sensing. Various embodiments allow for multi-channel sensing and/or wavelength
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demultiplexing (WDM) sensing with only a single light source. WDM sensing with a

singlé broadband light source eliminates multiple lasers with different wavelengths
for each channel, thus reducing costs. Additionally, various embodiments with
multiple first resonators but fewer second resonators (e.g. one second resonator) allow
fof multi-channel sensing but at the same time reduce power consﬁmptioh. .
[036] In. various embodiments, thé optical sensing system 102 may further
include one of more fﬁrther first reébnators such that the opﬁcal sensing system 102
includes a plurality of first resonators 106. The plurality of first resonators 106 may
» bé coupled to the light separation element 104 such that each first resonator 106 of the
plurality of first resonators 106 is configured to receive one respective sliced light of
the plurality of sliced lights. An effective refractive index of each first resonator 106
‘may be changeable in response to a change in a refractive index of a cladding of the
respective first resonator 106. | '
[037] The optical sensing system 102 may further include a plurality of channel
waveguides. Each first resonator of the plurality of first resonators 106 may be
coupled to one respective channel waveguide of the plurality of channel waveguides.
The respective chanﬁel waveguide may be configured to couple the respective sliced
_ light between the light separation element 104 and the respective first resonator 106.
[038] The optical sensing system 102 may include one or more further detectors
such that the optical sensing system includes a plurality of detectors 114. One
respective detector of the plurality of detectors may be conﬁgured to measure a
respéctive intensity of the respective sliced light. The optical sensing system 102 may
also include a plurality of output waveguides. One respective output waveguide of the
plurality of output waveguides may be coupled to each first resonator 106. The
respective output waveguide may be configured to carry the respective sliced light
from each first resonator 106. The respective detector 114 may be coupled to the
respective output waveguide. The respective detector 114 may be conﬁgured to

receive the respective sliced light from the respective output waveguide.
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[039] | In various embodiments, the respective Aintensi_t'y' of the respective sliced
light may be based on a respective difference between a respective resonant
wavelength of each first resonator 106 and the resonant wavelength of the second
resonator 108. The fespective difference between a respective resonant wavelength .of
each first resonator 106 and the resonant wavelength of the second resonator 10‘8 may
be based on a reSﬁective effective refractive index of the respeétive first resonator
- 106. In various embodiments, the respective difference (between the respective
resonant wavelength of each first resonator 106 and the respective resonant wavelength
of the respective second resonator 108) may be based on the respective resonant
wavelength of the first resonator 106 and the respective resonant wavelength of the
second resonator 108. The respective resonant wavelength of the first resonator 106
may -be based on the respectivé effective refractive index of the respective first
fesoﬁator 106. In other Words, the resbectiv_e resonant wavelength of the first
resonator 106 (and hence the effective refractive index of each first resdnator 106)
may be obtained based on the respective difference (from respective intensity of the
respective sliced light) and the resonant wavelength of the second resonator 108.
[040]°  The respective effective refractive index of each first resonator 106 may be
changeable in response to zi change in a respective refractive index of a respééﬁve
cladding of each first resonator 106.

[041} In Qarious embodiments, -the optical sensing system 102 may further
include a éoupling waveguide coupling the second resonator 108 Aand the light
separation element 104.

[042] In various embodiments, the optical sensing system 102 may further
include an optical broadband source. The optical sensing system 102 may also include
an input wavegﬁide coupling the optical broadband source to the second resonator
108.

- [043] ° In various embodiments, one detector of the plurality of detectors 114 may

be contacted with a reference sample. One or more of the refnaining detectors of the
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plurality of detectors 114 may be contacted with one or more test samples. A first test

sample may be the same or may be different from a second test sample.

[044]  Alternatively, in various embodiments, the optical sensing system 102 may
further include one or more further second.resonators such that the optical sensing
systerh 102 includes a plurality of secohd resonators 108. In various‘ embodim_eﬂts, the
plurality of second resonators 108 may be coupléd to thé light separation element 104
such that each second resonator of the plurality of second resonators 108 is conﬁgﬁred
to receive one respective sliced light of the plurality of sliced lights. The opticai
system 102 may further include a plurality of channel queguides. Each second
resonator may be coupled to one channel waveguide of the plurality of channel
waveguides. One channel waveguide of the plurality of waveguides may be
configured to couple the respective sliced light between the light separation élernent
104 and each second resonator 108.

[045] In. various embodiments, the optical sensing system 102 rﬁay also include
one 6r_ more further first resonators such that the optical sensing system includes a
plurality of first resonators 106. One respective first resonator of the plurality df first
resonators 106 may be cohbled to each second resonator such that the respective first
resonator 106 r¢ceives the respective sliced light from each second resonator 108.
[046] The optical sensing system 102 may also include a plurality of coupling
wavegui(ies. One respective coupling waveguide of the plurality of coupling
waveguides may couple between each second resonator 108 and the respective first
resonator 106.. The respective coupling waveguide may be configured to carry the
respective sliced light from each second resonator 108 to the respective first resonator
106.

[047] The optical sensing system 102 may also include one or more further
detectors such that the optical sensing system includes a pluraﬁty of detectors 114.
One respective detector of the plurality of detectors 114 is configured to measure a

respective intensity of the respective sliced light. In various embodiments, the optical
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sensing system 102 may include a plurality of output waveguides. One respeetive
output waveguide of the plurality of output waveguides may be coupled to the
respective first resonator 106. The respective dutiaut Waveguide may be configured to
carry the respective sliced light from tﬁe respective first resonator 106. The respective
vd'ete'ctor 114 may be coupled to the respective output waveguide. The‘ reseective
detector 114 may be  configured to receive the reépective sliced light from the
respective output waveguide. | |
[048] The positions of the first resonators and the second resonators. may be
interchangeable. In other words, in various alternate embodiments, the plurality of
first resonator 106‘ may instead by coupled to the light separation element 104 such
that each first resonator of the plurality of first resonators 106 may be conﬁgured to
receive one respective sliced optical light of the pluralfty of sliced optical light. Each
first resonator 106 may be coupled to one respective channel Waveguide. "One
respective channel aneguide maybe configured to couple the respective sliced light
between the light separation element 104 and each first resonator 106. One second
resonator of a plurality of second resonators 108 may be coupled to each first
resonator of the plurality of first resonators 106. The respective second resonator 108
may be configured to receive the respective sliced light of the plurality of sliced lights
from each first resonator 106. vOne respeetive coupling waveguide of the plurality of
coupling waveguides may couple between each first resonator 106 and the respective
- second resonator 108; The respective coupling waveguide may be configured to carry
the respective-sliced light from each first resonator 106 to the respective second
‘ resonator 108. One respective output waveguide of the pluraiity of output waveguides
may be coupled to the respective second resonator 108. The respective output
waveguide may be configured to carry the respective sliced light from the respective
_second resonator 108. One respective detector of the plurality of detectors 114 may be
coupled to the respective output waveguide. The respective detector 114 may be

configured to receive the respective sliced light from the respective output waveguide.-
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[049] In both cases, in various embodiments,‘ the -respective intensity of the
respective sliced light rrvlayv be based von.' a respective difference between a resonant
‘wavelength ef the respective first resonator and a respective resonant wavelength of
each second resonator. The respective difference between the respective resonant
'vlvavelength of the respective first resonator and the respective resonant wavelel;gth of
each second resonator ﬁay be based on a respective effective refractive index of the
respective first resonator. The respective difference between the respective resonant
wavelength of the respective first resonator and the respective resonant wavelength of
each second resonator may be based on the respective resonant wavelength of the
respective 't;]rst resenater and the respective resonant wavelength of each second
resonator. The respeetive resonant wavelength of the respective first resonator may be
based on a respective effective refractive index of the respective first resonator. -
[050] The respective effective refractive index of the respective first resonator
may be changeable in response to a change in a respective refractive index of a
respeefive cladding of the respective first resonator.

[051] In various embodiments, the optical sensing system may include an optical
broadband source. The optical sensing system 102 may further include an input
waveguide coupling the optical broadband source to the light separation element 104.
[0‘52] Generally speaking, the waveguides serve to couple light between the other

optical elements such as detectors, resonators, source and light separation element. A
person skilled in the art would appreciate that in light may alse be coupled directly
between the optical elements in appropriate situations.

[053'] The cladding of the first resonator 106 may include or may be an oxide
cladding, for example SiO, or InAlAs oxide (InAlAs (Oy)). The cladding may be
formed using a complementary metal oxide semiconductor (CMOS) compatibl.e
fabrication p{oeess, for providing a cost effective optical sensin'g system.

[054] ~ In various embodiments, the detector 114 may include photodetectors such

as photodiodes or charge-coupled devices (CCDs). In vérious embodiments, the
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detector may be one detector of an integrated photodetector array. Electrical read-out

may be done via the photodetector airray for sensing interrogation. An integrated
photodetector array may-resuit in compact device footprint and/or41.ower.fabn'cation
costs compared to off-the-shelf photodetectors;

[055] ~ FIG. 2A is a schematic ZOOa -showing an optical sensing systeﬁl 202
according to various embodiments. The optical sensing system 202 may include a
light separaﬁon'element 204 conﬁguréd to separate an input light into a plurality of
sliced lights. The optical sensing system 202 may further include a first resonator
206a configured to receive one sliced light 210a of the plurality of sliced lights 210a,
210b, 210c, 210.d, wherein an effective refractive index of the first resonator 206a is
‘change'able in response to a change in a refractive ‘inde.x of a cladding of the first
resonator 206a. In addition, the optical sensing system 202 may include a second
resonator 208 coupled to the first resonatof 206a. The optical sensing system 202 may
further include a detector 214a configured to rh_easure an intensity of the sliced light
210a. The intensity of the sliced light 210a may be based on a difference between a
resonant wavelength of the first resonator 106 and a resonant wavelength of the
second resonator 108. The difference between the resonant wavelength of the first
resonatof 206a and the resonant wavelength of the second fesonator 208 may be based
on an effective refractive index of the first resonator 206a.

[056] In various embodiments, the difference between the tesonant wavelength of
the first resonator 206a and the resonant wavelength of the second resonator 208 may
be based on the resonant wavelength of the first resonator 206a and the resonant
wavelength of the secénd resonator 208. The resonant wavelength of the first resonator
206a may be based on the effeétive refractive index of the first resonator 206a.

[057j In various embodiments, the resonant wavelength of the second resonatdr
208 may be adjustable to a current or voltage applied to the second resonator 208.
[058] In various embodiments, the optical sensing system 202 may further

include one or more further first resonators 206b, 206¢, 206d such that the optical
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sensing system 202 includes a plurality of first resonators 206a, 206b; 206¢, 206d.

The plurality of first resonators 206a, 206b, 206¢, 206d may be coupled to the light
separation element 204 such that each first resonator of the plurality of first resonators
206a, 206b, 206c, 206d is configured to receive one respective sliced light of the
pllurality of sliced lights 210a, 210b, 210c, 210d. An effective refractive index of each
first resonator may be changeable in response to a change in a refractivAe index of a
ciadding of the respective first resonator. For instance, as showﬁ_ m FIG. 2A, the first
resonator 206a may be configured to recei?é sliced light 210a, the first resonator 206b .
may be configured to receive sliced light 210b, the first resonator 206¢ may be
configured to receive sliced light 210c and the first resonator 206d may be configured
to receive sliced light 210d. |
[059] The optical sensing system 202 may further include a plurality of channel
waveguides 212@, 212b, 212¢, 212d. Each first resonator of the plurality of first
resonaiors 206a, 206b, 206¢, 206d rhay be coupled to one respective channel
waveguide of the plurality of channel waveguides 212a, 212b, 212¢, 212d. For
instance, as shown in FIG 2A, the first resonator 206a may be coupled to the channel
waveguide 212a, the first resonator 206b may be coupled to the channel waveguide
212b, the first resonator 2060 may be coupled to the channel waveguide 212c and the
first resonator 206d may be coupled to the channel waveguide 212d.

[060] The reépective channel waveguide lhay be configured to couple the
respective sliced light between‘ the light separation element 204 and the respective
first resonator..For instance, the channel‘w'avéguide 212a may bé configured to couple
the sliced light 210a betweén the light separation element 204 and the first resbnator
206a, the channel waveguide 212b may be configured -to couple the sliCedvlight 210b
between the light separation element 204 and the first resonator 206b, the channel
waveguide 212¢ may be configured to couple thev sliced light 210c between the light
separation element 204 and the first resonator 206¢ and the channel waveguide 212d

_may be configured to couple the sliced light 210d between the light seﬁaration
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_ élcment 204 and the first resonator 206d. The respective channel waveguide may be

configured to couple the sliced light between the light separation element 204 and a
respective ‘input’ port of the respective first resonator. As the respective sliced light
goes through each first resonator, a portion of the respective sliced light may be lost
'through a respective ‘through’ port of each resonator. The remaining pdrtion .'of the
respective sliced light may be outputted to a respective ‘drop’ port of each first
resonator.
[061] . The optical sensing system 20.?~ may include one or more further detectors
214b, 21l4c, 214dsuch that the optical sensing system 202 includes a plurality of
detectors 214a, 214b-, 214&, 214d. One respective detector of the plurality of detectors
214a, 214b, 214c, 214d may be configured to measure a respective intensity of the
respective sliced light. Detector 214a may be configured to measure an intenéity of
sliced light 210a, detector 214b may be configured to measure an intensity of sliced
light ZiOb, detector 2140 may be configured to measure an intensity of sliced light
210c and detector 214d may be configured to measure an intensity of sliced light 210d.
The respective siice’d light measured by the rpspective detector may be the remaining
portion of the respective sliced li gﬁt outputted from the réépective ‘drop’ of each first
fesonafor. In various embbdiments, the plurality of detectors may be an integrated
photodetector array. Electrical read-out may be done via the photodetector array for
“sensing interrogation. An integrated photodetector array may resulf in compact device
footprint and/or lower fabrication costs compared to off-the-shelf photodetectors.
[062] The. optical sensing system 202 may also include a plurality of output
waveguides 216a, 216b, 216¢, 216d. One respective dutput waveguide of the plurality
of output waveguides 216a, 216b, 216¢, 216d may be coupled to each first resonator.
For instance, output waveguide 216a may be coupled to first resonator 206a, output
waveguide 216b may be coupled to first resonator 206b, output waveguide 216¢ may
be coupled to first resonator 206¢ and output waveguide 216d may be coupled to first

resonator 206d. The respective output waveguide may be coupled to the respective
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‘drop’ port of each first resonator.

[063] The respective output waveguide may be configured to carry the respective
sliced light from each first resonator. Output waveguide 216a may be configured tov
carry sliced light 210a from first resonator 206a, output waveguide 216b may be
configured to carry sliced light 210b from first resonator 206b, output wav;eguide
216¢ may be c;)nﬁgured to carry sliced light 210c from first resonator 206¢ and output
waveguide 216d may be configured to sliced light 210d from first resonator 206d.
[064] The respective detector may be coupled to the respective output waveguide.
Detector 214a may be coupled to output Waveguide 216a, detector 214b may be -
coupled to output waveguide 216b, detector 214c may be coubled to output
waveguide 216¢ and detector 214d may be coupled to output waveguide 216d. The
respective detector may be configured to receive the respective sliced light from the
respective output waveguidé. Detector 214a may be configured to receive the sliced
light 210a from the output waveguide 216a, detector 214b may be configured to
receive the sliced light 210b from the output wavéguide 216b, detector 214c¢ may be
configured to receive the sliced light 210c from the output: waveguide 216¢ and
detector 214d may be configured to receive the sliced light 210d from the output
| vwaveguide 216d. |
[065] In various other embodiments, the respective detecto‘r of the plurality of
 detectors 214a, 214b, 214c, 214d may be cbupléd directly to each first resonator of
the plurality of resonators 206a, 206b, 206c,‘206d. The respective detector may be
configured to receive the respective sliced light from the respective resonator.
| [066] In various embodiments, the respective detector may be conﬁgﬁred to
measure an intensity of thé respective sliced light received from the respective output
waiveguide. Detector 214a may be configured to measure an inténsity of sliced light
210a received from output waveguide 216a, detector 214b may be configured to
measure an intensity of sliced light 210b received from outputlwaveguide 216b,

det_edor 214c may be configured to measure an intensity of sticed light 210c received
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from output waveguide 216¢ and detector 214d may. be configured to measure an

~ .

B

intensity of sliced light 210d received from output wa_veguide 216d.

[067] = In various embodiments, the respective inténsity of the respective sliced
light may be based on a respective difference betweeﬁ a fespective resonant
wavelength of each first resonator- and the resonant wavelength of the éecond‘
resonator. For instance, the intensity of sliced light 210a may be based on a difference
between a resonant wavelength of first resonator 2065 and the resonant wavelength of
“the second resonator 208, the intensity of sliced light 210b may be based on a
difference between a resonant wavelength of first resonator 206b and the resonant
- wavelength of the second resonator 208, the intensity of sliced light 210c may be
based on a difference between a resonant wavelength of 'ﬁrst resonator 206¢ and the
resonant wavelength of the second resonator 208 aﬁd the intensity of sliced light 210d
may be based on a difference between a resonant wavelength of first resonator 206d
and the resonant wavelength df the second reéonator 208.

[068] The respective differénce between the respective resonant wavelength of
each first resonator and the resonant wavelength of the second resonator 208 may be
based on a respective effective refractive index of the respective first resonator. In
various embodiments, the respective difference (between the respective resonant
wavelength of each first resonator and the respective resonant wavelength of the
respective second resonator 208) may be based on the respective resonant wavelength
of the ﬁrst'resonator and the respective resonant wavelength of the second resonator
208. The respective resonant wavelength of the first resonator may be based on the
respective effective refractive index of the respective first resohator. In other words,
the respective resonant wavelength of the first resonator '(and hence the effective
_ refractive index of each first resonator) ﬁléy be obtained based on the respectivé
difference (from resbective intensity of the respective sliced light) and the resonant
wavelength of the second resonator 208.

[069] In various embodiments, the intensity of the respective sliced light may be
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maximum when an optical resonant wavelength (or optical resonant frequency) of the

respective first resonator and an optical resonant wavelength (or optical resonant
frequency) of the second resonator 208 are aligned. The intensity of the sliced light:
210a may be maximum when an optical reseﬁant wavelength of the first resonator
'2_06a and an optical resonant wavelength of the second resonator 208 are aligned, the
intensity of the sliced iight 210b may be maximum when an optical resonant
wavelength of the first resonator 206b and the optical resonator wavelength of the
second resonator 208 are aligned, the intensity of the sliced light 210c may be
maximum when an optical resonant Wavelength of the first resonator 206¢ and the
optical resonant wavelehgth of the second resonator 208 afe aligned, and the intensity
of the slic_ed'light -210d’may be maximum when an optical resenant wavelength of the
first resonator 206d and an optical resonant wavelength of the second resonator 208
are aligned.

[070] The optical resonant Wavelength (or optical resonant frequency) .of the
respective first resonator may change in response to the change in the effective
refractive index of the respective first resonator. For instance; the opiical resonant
~ wavelength of the first resonator 206a may ehaﬁge in response to the change in the
_effective refractive index of the first resonator 206a, the optical resonant wavelength
of the first- resonator 206b may change in response to the change in the effective
refractive index of the first resonator 206b, optical resonant wavelength of the first
resonator 206¢ may change in response to the change in the effective refractive index
_of the first resonator 206¢ and optical resonant wavelength of the first resonator 206d
may change in response to the change in the effective refrective index of the first
resonator 206d. |

- [071] In various embodiments, the optical sensing system 202 may . further
include a coupling waveguide 218 coupling the second resonator 208 and the light
separation element 204. The respective index of. each first resonator may be

changeable in response to a change in a respective refractive index of a respective
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cladding of each first resonator. -

[072] In various _embodiments.,‘ the optical sensing system 202 may - further
include an optical broadband source 220. The optical sensing system 102 may also
include an input waveguide 222 coupling the optical broadband. source 220 to the

second resonator 208. The optical broadband source 220 may instead be coupled

' direcﬂy to the second resonator 208. In vanious embodiments, the broadband source

220 may be an amplified spontaneous emission (ASE) light source, a
supef-luminescent diode. Various embodiments may lower costs compared to using a
high resolution tunable lasef or multiple single wavelength lasers.

[073] In various embodiments, light from the optical broadband source 220 may
Bé coupled either directly or via inpuf waveguide 222 to the second resonator 208. A
portion of the ligﬁt ‘may be outputted to a through port of the second resonator.
Another portion of the light may be coupled to the second resonator 208, which may

propagate and cycle through and within the second resonator 208, where part of the

light may be dropped and coupled to the light separation element 204 either directly -.

or through coupling waveguide 218. The light cbupled to the light separation element
204 may be dispersed according to the wavelength. For instance, light having a first
range of wavelengths (i.e. sliced light 210a) may be coupled to the first resonator
206a directly or via coupling waveguide 212a. Light having a second range of
wavelengths (i.e. sliced light 210b) may be coupled to the first resonator 206b directly
or via coupling waveguide 212b. Light having a third range of wavelength (i.e. sliced
light 210c) may be coupled to the first resonator 206¢c diréctly' or via coupling
waveéuide 212c and light having a third range of wavelength (i.e. sliced light‘ 210d)

may be coupled to the first resonator 206d directly or via coupling waveguide 212d.

f074] A portion of the sliced light 210a rhay pass through the first resonator 206a

and be outputted through a through port of the first resonator 206a. Another portion of
the sliced light 210a may be coupled to the first resonator 206a, which may propagate

and cycle through and within the first resonator 206a, where part of the sliced light
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210a may be dropped and coupled to the detector 214a, either directly or through the

output waveguide 216a.
[075]  Similarly, a portion of the sliced liéht 210b may pass through the first
resonator 206b and be outputted through a through port of the first resonator 206b.
AAnother portion of the sliced light .210b may be coupled to the first resonator- 206b, -
.which‘ may. propagate and cycIe through and within the first resonator 206b, whc;re
part of the sliced light 210b mayhbe dropped and coupled to the detector 214b, either
directly or through the output waveguide 216b.
[076] Likewise, a portion of the sliced light 210c may pass through the first
resonatdr 206¢ and be outputted through a through port of the first resonator 206¢.
Another portion of the sliced light 210c may be coupled to the first resonator 206c,
which may propagate and cycle through and within the first resonator 206¢, where
part of the sliced light 210c may be dropped and coupled to the detector 214c, either
directly or throuvgh the output waveguide 216c¢. |
(077] . Also, a portion of the sliced light 210d may pass through the first resonator
206d and be outputted through a through port of the ﬁrst'resonator 206d. Another
portion of the sliced light 210d may be coupled to the first resonator 206d, which may
propagate and cycle through and within the first resonator 206d, where part of the
sliced light 210d may be dropped and coupled to the detector 214d, either directly or
through the output waveguide 216d. ' ,
[078] FIG.>2B is a graph 200b of intensity against wavelength (X) of input light
ouputted by a tracing element (e.g. second resonator 208) according to various
embodiments. As shown in FIG. 2B, light outputted by the second resonator 208 may
have _mulfiple resonant wavelengths shown by the plurality of peaks 250a, 250b, 250c,
250d. As the second resonator 208 is adjusted (e.g. by a current or voltage applied tb
| the second resonator 208), the multiple résonant wavelengths may shift by the same
amount. For instance, peak 250a may be shifted by an amount to peak 252a. Pea‘k‘

250b may be shifted by the same amount to 252b. Similarly, peak 250c may be
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shifted by the same amount to 252c¢ and peak 250d may be shifted by the same

amount to 252d. As the second resonator 208 is further adjusted, peak 252a may be
shifted by a further amount to 254a, p’eak 252b may be shifted by the same vfurther
- amount to 254b, peak 252¢ may be shifted by the séme further amount to 254c and
peak 252d may be shifted by thé same. further amount to 254d. The difference
between successive resonant wavelengths may be termed as free spéctral range (FSR).
[079] FIG. 2C is a graph 200c of intensity against wavélength () illustrating the’
separation of the input light into a phirality of sliced lights 210a, 210b, 210c, 210d
according to various embodiments. The input light shown in FIG. 2B may be
separated into different channels (i.e. a plurality of sliced lights 210a, 2105, 210c,
210d). The light separation element 204 may be configured such that the bandwidth
(i.e. range of waveléngths) of each sliced light is substantially equal to the FSR. '
[080] FIG. 2D is a schematic 200d illustrating the spectra of each sliced light of
the plurality of sliced light going down the respective branch of the optical sensing
system 202 shown in FIG. 2A according to various embodiments.
[081] FIG. 2E is a schematic 200e illustrating the relationship of the resonant
wavelength of the second resonator, the first resonant wavelength of each first
resonator as well as the resultant fespective'i‘ntensity of the respective sliced optical
light. Each first resonator or sensing elément may be configured to have the same
FSR as the second resonator. Graph 260 is a plot of intensity against wavelength of
the idput light similar to the graph shown.in FIG. 2B when a particular current or
voltage is applied to the second resonator 208. Graph 262 is a plot of intensity against
wavelength of the respective sliced light outputted from each first resonator. Each
first resonator is in contact with a different sample. As a result, the effective refractive
index of each first resonator changes by different amounts. The respeétive resonant
wavelength of each first resonator is shifted by a different amount. On the other hand,
the second resonator 208 may be configured to shiﬁ each of the multiple resonant

~-wavelengths of the light outputted by the second resonator 208 by the same amount
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~ when the voltage or current applied to the second resonator 208 is adjusted. Graphs

264a, 264b, 2§4c, 264d are the respective intensity of the respective sliced light
measured at the respective ,.detector. '

[082] The respective intensity of the respective sliced light measured at the
respective detector may be different as the respective separation> (betweén the
resonant wavelength of the sécond resonator 208 and the respective wavelengths of
the respective resonator) is different (due to each first resonator placed in contact with
a different sample). | | .

[083] For instance, AE1 (separation of the resonant wévélength of the second
resonator 208 and the resonant wavelength of the first resonator 206a) may be -
different from AE2 (separation of the resonant wavelength of the second resonator
208 and the resonant wavelength of the first resonafor 206b). As such, the peak
intensity of the sliced light 210a in graph 264a may be different from the peak
intensity of the sliced light 210b in graph 264b. Similarly, AE3 (separation of the
resonant wavelength of the second resonator 208 and the re§onant‘ wavélehgth of thé
first resonator 206¢) may be different from AE1/AE2. As such, the peak intensity of
the sliced light 210c in graph 264c may be different from the p.eak intensities ih graph
264a/264b. Also, AE4 (separatidn of the resonant wavelength of the second resonator
208 and the resonant wavelength of the first resonator 206d) may be different from
AE1/AE2/AE3. As such, the peak intensity of the sliced light 210d in graph 264d may
be different from the peak intensities in graph 264a/264b/264c. In various
embodiments, the difference or separation of the resonant wavelength of the second
resonator and the resonant wavelength of each first resonator (AE) may be determined
from respective intensity of the respective sliced light. In various .'embodiments, AE
may be proportional to the intensity of the sliced light measured. |
[084] - The sliced light 210a coupied to the first resonator 206a may include a
wavelength equal to or near an initial resonant wavelength of the first resonator 206a.

The initial resonant wavelength of the first resonator 206a may be As and the resonant

o
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waQelength of the second resonator 208 may be A. A; may be at or neér At - Whén the
first resonator 206b comes into contact with a biological or chemical sample, the
resonant wavelength of the first resonator 206a 'may shift, i.e. from A to Ay. The
' intensity of sliced light 210 coupled from the drop port of the first resonator 206a to
the detector 214a (either directly or through an output waveguide 216a) ma.y" thus -
decrease as a result of the increased misalignment in optical resonances of the first
resonator 206a and the second resonator 208. In other words, the intensity of sliced
light 210a may decrease because As may not be at or near A In order to increase or
maximize the intensity of the sliced light 210a, the second resonator 208 may be
tuned via electro-optic or thermo-optic effect to shift the resonant wavelength of the
second resonator such that the shiﬁed resonant 'wé;elength A\ of the second résonator
again coincides with or is near the shifted resonant wavelength }\,sr’ of the first
resonator 206a.

[085] In various embodiments, adjusting the second fesonator 208 may shift the
resonant wavelength of the second resénator 208 1in each branéh by the same amount.
In various embodiments, a voltage or current may be applied such that the respective
intensities measured at more than one respective detectors or all the detectors are
* more than zero. In other words, it méy be possible to adjust the current or voltage
applied to the second resonator 208 such that peaks are detected by more than one
detector or all the detectors. Various embodiments allow for sensing by more than one
first resonators or all the first resonators at the same time. Various embodiments allow
simuitaneous sensiﬁg of multiple samples. Various embodiments allow for sensing by
more than one first resonators or all the first resonators at the same time usihg one
second resonator 208. ’

- [086] Various embodiments may use wavelength demultiplexing (WDM) sensing
using multiple sensing microrings with few tracing (e.g. one) tracing microring.
Various embodiments may eliminate multiple lasers. with different wavelengths for

each channel by using a broadband light source and using WDM sensing.
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[o87N FIG. 3 is a schematic 300 showing an optical sensing system 302 ‘acc0rding

to various embodiments. The opﬁcal sensing system 302 may include a light
* separation element 304 configured to separate an input light into a plurdlity of siicéd
lights. The optical sensing system 302 may further include a first resonator 306a
configured to receive one sliced light 310a of tﬁe plurality of sliced iights 3 10a,. 310b,
310c, 310d. An effective refractive index of the first resonator 306a may be
changeable in response to a Changé in a refracbtive index of a cladding of the first
resonator 306a. In addition, the optical sénsing system 302 may include a second.
resonator 308 coupled to the second resonator 308. The optical seﬁsing system 302
may further include a detector 314a configured to measure an intenéity of the sliced
light 310a. The intensity of the sliced light 31.0a may be based on a difference
between a resonant wavelength of the first resonator 306a and a resonant waveléngth
of the second résonator 308. The difference between a resonant wavelength of the first
resonator 306a and a resonant wavelength of the second resonator 308 may be based
on the effective refractive index of the first resonator 306a.
[088] o In.various embodiments, the difference between thé resonant wavelength of
the first resonator 306a and the resonant wavelength of the second resonator 308 may
be based 6n the resonant wavelength of the ﬁrs’; resonator 306a and the resonant
wavelength of the second résonator 308. The resonant wavelength of the first
resonator 306a ‘may be based on the effective refractive index of tﬁe first resonator
306a.
[089] In various embodiments, the resonant wavelength of the second resonator
308 may be adjustable to a current or voltage applied to the second resonator 308.
[090] The optical sensing system 302 may further include one or more further
second resonators 308b, 308c, 308d such that the optical sensing system 302 includés
a plurality of Secona resonators 308a, 308b, 308c, 308d_.-The plurality of second
resonators 308a, 308b, 308c, 308d'may be coupled to the light separation element 304

such that each second resonator of the plurality of second résonators 308a, 308b, 308c,
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308d may be configured to receive one respective sliced light of the plurality of sliced

. light 310a, 310b, 310c, 310d. For instance, second resonator 308a may be coupled to
the light separation element 304 such that the second resonator 308a may be
configured to receive sliced light 310a, second resonator 308b may-be coupled to the
.li_ght separation element 304 such that the second resonator 308b may be conﬁgured
to receive sliced Al‘ight 310b, second resonator 308c may be coupled fo the light
separation element 304 such that the second resonator 308c may be configured to
receive sliced light 310c and sécond resonator 308d may be coupled to the light
yseparation elemgnt 304 such that the sécond resonator 308d may be configured to
receive sliced light 310d.v‘ | |
[091] The optical sensing system 302 may further include a plurality of channel
wavegﬁides 312a, 312b, 312¢, 312d. One channel waveguide of the plurality of
waveguides may be coupléd to each second resonator 'of the plurality of second
resonators 308a, 308b, 308c, 308d. Channel waveguide 312a may be coupled to
second resonator 308a, channel waveguide 312b may be coupled to the second
resonator 308b, channel waveguide 312c may be coupled to the second resonator
308c and channel waveguide 312d may be coupléd to the second reson‘afor 308d. One
channel waveguide may be configured to couple a respective sliced light from the
wavelength separation element 304 to each second resonator. For instance, channel
waveguide 312a may be configured to coupled sliced light 310a from the wavelength
separation element 304 to second resonz—:ltor- 308a, channel waveguide 312b may be
configured to coupled sliced light 310b from the Waveiength separation element 304
to second resonator 308b, channel waveguide 312c may be configured to coupled
sliced light 310c from the wavelength separation element 304 to second resonator
A3080“' and chahpel»waveguide 312d may be configured to coupled sliced light 310d
frorﬁ the wavelength separation element 304 to second resonator 308d. |
[092] In various embodiments, the optical sensing system 302 may aiso include

one or more further first resonators 306b, 306¢, 306d such that the optical sensing
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system 302 includes a plurality of first resonators 306a, 306b, 306c, 306d. One

respective first resonator of the plurality of first resonators 306a, 306b, 3060, 306d
- may be coupled to each second resonator such that the respective first resonator
receives the respective sliced light from each Secoﬁd resonator. For instance, first
'rgsonator 306a may be coupled to sécond resonator 308a such that the first res.onatorv
306a receives sliced light 310a from second resonator 308a, first resonator 306b may
be coupled to second resonator 308b such that the first resonator 306b receives sliced
light 310b from second resonator 308D, first resonator 3060 inay be coupled to second
resonator 308c such that the first resonator 306¢ receiyeé sliced light 310c from
second reso.nator 308c and first resonator 306d may be coupled to second resonator
308d such that the first resonator _3066 receives sliced light 310d from second
resonator 308d. _
[093] The optical sensingb system 302 may also include a plurality of coupling
waveguides 318a, 318b, 318c, 318d. One respectivé coupling waveguide of the
plurality of coupling .waveguides 318a, 318b, 318¢c, 318d may couple between each
second resonator and the respective first resonator. Coupling waveguide 318a may
couple between second resonator 308a and first resonator 306a, coupling waveguide
318b may couple between second resonator 308b and first resonator 306b, coupling
waveguide 318¢c méy couple between second resonator 308¢ and first resonator 306¢
and éoupling wavegﬁide 318d may couple between second resonator 308d and first
resonator 306d. The réspectivé coupling Waveguide may be configured to carry the
respective sliced light from each second resonator to the respective first resonator.
Coupling waveguide 318a may be configured to carry sliced light 310a from the
second résonator 308a to first resonator 306a, coupling Waveguide 318b may be
configured to carry sliced light 310b from the second resonator 308b to first résonatdr’
306b, coupling waveguide 3 18¢ may be configured to carry sliced light 310c from the
second resonator 308c to first resonatof 306¢ and coupling waveguide 318d may be

configured to carry sliced light'310d from the second resonator 308d to first resonator
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306d.

[094] The optical sensing system 302 may also include one or more detectors
314b, 314c, 314d such that the optical sensing system 302 include a plurality of
detectors 314a, 3l4b,_3 14c, 314d. In various embodiments, the optical sensing system
302 may include a plurality of output waveguides .316a, 316b, 3lé6c, 316&. One
respective output Waveguide of the plurality of output waveguides 316a, 316b, 316c, |
316d may be coupled to the respective first resonator. Output waveguide 316a may be
coupled to the first resonator 306a, output waveguide 316b may be coupled to the first
resonator 306b, output waveguide 316c may be coupled to 'tl.le first resonator 306¢ and
output waveguide 316d may bé coupled\. to the first resonator 306d. The respective |
output waveguide may be configured to carry the respective sliced light from the
respective first resonator. For instance, output waveguide 316a may be configured to
carry sliced light 310a from the first resonator 306a, output waveguide 316b may be

configured to carry sliced light 310b from the first resonator 306b, output waveguide

316¢c may be configured to carry sliced light 310c from the first resonator 306¢ and

outpht waveguide 316d may be configured to carry sliced light 310d from the first
resénator 306d. The respective detector of the plurality of detectors may be coupled to
the respective output waveguide. The respective detector may be configured to
receive the respective sliced light from the'respective output waveguide. Detector

314a may be configured to receive s_licedili ght 310a from the output waveguide 316a,
| ‘detector 314b may be configured to receive sliced light 310b from the output
waveguide 316b, detector 314c may be configured to receive sliced light 310¢ from -
: thé output waveguide 316c and detector 314d fnay be configured to receive sliced
light 310d from the output waveguide 316d.

[095] The respective detector may be configured té measure an intensity of thé
respective sliced light received from the reﬁpective output waveguide. Detector 314a
‘may be configured to measure an intensity of sliced light 310a received from output

waveguide 316a, detector 314b may be configured to measure an intensity of sliced '
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light 310b received from output waveguide 316b, detector 314c¢ may be configured to
measure an intensity of sliced light 310c received from output waveguide 316¢ and
detector 314d may be configured to measure an intensity of sliced light 310d received
from output waveguide 316d. '
[096] In various embodiments, the_respective intensity of the resbective‘sliced
light may be based on a respective difference between a resbective resonant
-wavelength of the respective first fesonator and a respective resonant wavelength of
each second resonator. For instance, the intensity of sliced light 310a may be based on
" a difference between a resonant wavelength of first resonator 306a and a resonant
wavelength of second resonator 308a, the intensity of sliced light 310b may be based
on a difference between a resonant wavelength of first reéonator 306b and a resonant
wavelength of second resonator 308b, the intensity of sliced light 310c may be based |
on a difference between a resonant wavelength of first resonator 306¢ and a resonant
wavelength of second resonator 308c and the intensity of sliced light 310d may be
.based on a difference between a resonant wavelength of first resonator 306d and a
resonant wavelength of second resonator 308d.
(0971  The respective difference between the respective resonant wavelength of
the respective first resonator and the respective resonant wavelength of each second
resonator may be based on a respective effective refractive index of the respective
first fesonator. For instance, the difference between the resonant wavelength of the
first resonator 306a and the resonant wavelength of the second resonator 508a may be
based on a respective effective refractive index of the first resonator 306a, the
difference between -the tesonant wavelength of the first resonator 306b and the
resonant wavelength of the second resonator 308b may be based on é respective
effective refractive index of the first resonator 306b, the difference between thé
 resonant wavélength of the first resonator 306¢ and the resonant wavelength of the
second resonator 308c may be based on a respective effective refractive index of the

first resonator 306¢ and the difference between the resonant wavelength of the first
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resonator 306d and the resonant wavelength of the second resonator 308d may be .

based on a respective effective refractive index of the first resonator 306d.
[098.]‘ The respectivé difference between the respective resonant Wavelength‘ of
the respective first resonator and the respective resonant wavelength of each second
resonator may be based on the respective resonant wavelength of the respecti\;e first
resbnatér and the respective resonant‘ wavelength of each second resonator. The
respeétive resonant wavelength of the respective first resonator may be based on a
respective effective refractive index of the respective first resonator. |
[099] The intensity of the respective sliced light may be fnaxix‘rlum when an
optical resonantrwaveiength of the respective first resonator and an optical resonant
- wavelength of each second resonator are _a]ignéd. The intensity of sliced light 310a
may be maximum when an optical resonant wavelength of the first resonator 306a and
an optical resonant anBlength of the second resonator 308a are aligned, the intensity
of sliced light 310b may be maximum when an optical resonant wavelength of the
first resonator 306b and an optical resonant wavelength of the second resonator 308b
are aligned, the intensity of sliced light 310c may be maximum when an optical
resonant wavelength of the first resonator 306¢ and an op;cical resonant wavelength of
thé second resonator 308¢ are aligned and the intensity of sliced light 310d may be
maximum when an optical resonant wavelength of the first resonator 306d and an
optical resoﬁant wavelength of the second resonator 308d are aligned.
[0100] An effective refractive index of each first resonator may be changeable in
response to a.change in é refractive index of a cladding of the respective first
resonator. The effective refractive index of first resonator 306a may be changeable in
response to a change in a refractive index of a cladding of the first resonator 306a, the
effective refractive index of first resonator 306b may be changeable in response to a
change in a refractive index of a cladding of the first resonator 306b, the effective
refractive index of first resonator 306c may be changeable in responsé to a change in

a refractive index of a cladding of the first resonator 306¢ and the effective refractive
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index of first resonator 306d may be changeable in response to a change in a

refractive index of a cladding of the first resonator 306d.
[0101]  The resonant wavelength of the respective first resonator may change ih
response to the change in the effective refractive index of the respective first resonator.
The resonant wavelength of thé first resonator 306a may change in response-to the
change in the effective refractive index of the ﬁrét resonator 306a, the resonant
wavelength of the first resonator 306b may change in response to the change in the
effective refractive index of the first resonator 306b, the resonant wavelength of the
first resonator 306c may change in response to the change in the effective refractive
index of the first resonator 306¢ and the resonant wavelength of the first resonator
306d may change in response to the change in the effective refractive index of the
first resonator 306d.
[0i02] In various‘embodiments, the optical sensing system 302 may include an
" optical broadband source 320. In various embodiments, the broadbaﬁd source 320
may be an amplified spontaneous emission (ASE) light source or a supér-luminescent
diode. Various embodiments may lower costs compared to using a high resolution
tunable laser or multiple single anelengfh lasers.
[0103] The optical sensing system 302 may fufther include an input waveguide
322 coupling the optical broadband source 320 to the light separation element 304.
[0104] = FIG. 4A shows a design 400a of a portion of the optical sensing system
| according to various embodiments. 402 is the concave grating for separating light into
different ranges of wavelengths, i.e. the light separation element. 404 is the
waveguide for coupling light to the concave grating 402. 406, 408, 410, 412 are
wavegﬁides for coupling sliced light from the concave grating 402. FIG. 4B is a
scanning electron microscopy (SEM) image 400b of the waveguides 404, 406, 408,
| 410, 412 indicated in FIG. 4A according to various embodiments. FIG. 4C is a SEM
image 400c of a mode converter 420 for coupling between a slab waveguide and a

.channel waveguide according to various embodiments FIG. 4D is a SEM image 400d
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of a concave grating with bragg gratings 430 according to various embodiments. FIG.

4E is a SEM imiage 400c of the bragg gratings 430. FIG. 4F is a SEM image 400f of a
microring resonator 440 ~with underlying layer removed accdrding to various
embodiments. FIG. 4G is a SEM image 400g of a germanium (Ge) phofodetector 450
'a_céording to various embodiments. FIG. 4H is an image showing output ligh;c from
the 4 waveguides 406, 408, 410 and 412. F IG. 41 is a graph 400i of transmission (dB)
against wavelength A(nm) of the four output lights in FIG. 4H. Wavéform 406a is
from wéveg’uide 40_6, waveform 408a is from waveguide 408, waveform 410a is from
waveguide 410 and waveform 412a is from waveguide 412. FIG. 4] is an image 400j
of a portion of thé optical sensing system showing fnicroring ‘resonator 440 and the
photodetector 450. FIG. 4K is an image 400k of three optical sensing systems
fabricated on a substrate.

[0105] FIG. 5A shows a schematic view 500a of an optical sensing syétem 500a
according to various embodiments. The optical sensing system 500a may include a
sensing resonator 502 and a tracing resonator 504. The optical serising system 500a
further includes a coupling optical ‘waveguide 506 coupled between the sensing
resonator 502 and the tracing resonator 504. The optical sensing system 502 may
further include an input waveguide 508 configured to guide an input light, for
example from a wideband or broadband source (nbt shown). The input waveguide 508
is coupled to the sensing resonator 502. The optical sensing system 500a may further
include an output waveguide 510 coupled to the tracing resonator 504, the output
waveguide 510 being configured to output light received from the resonator the
tracing resonator 504 to a detector (not shown). The opﬁcal sensing system or ﬁacing
resonator 504 may further include a heater or thermal heater 512 formed or arranged
in proximity to éupply heat to the tracing resonator 504, for instance to change the
refractive index or effective refractive index of the tracing resonator in order to trace
the effective refractive change of the sensing resonator 502. The heater or thermal

heater 512 may include a pair of electrodes 514. The optical system 502 may include
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‘three input ports and three output ports in ordér to measure the optical properties of

both resonators. The resonators may be microring resonators. A light may be provided
to port 1 of waveguide 506 and the light from port 1’ of waveguide 510 may'be
monitored to determine the ‘drop’ status of the tracing resonator 504. A light may be
proyided to port 3 of the waveguide 508 andAthe light from port 3’ of the wavéguide
506 may be monitored to determine the ‘drop’ status of the sensing resonator 502. A
light may be provid.ed‘ to port 1 of the wa'veguide 506 and the light from port 3’ of
waveguide 506 may be monitored to determine the ‘through’ status of the tracing
resonator 504 and the sensing resonator 502. A light may be provided to port 2 of the
waveguide 508 and the light from port 2 of the waveguide 510 may be monitored for
~sensing a sample agcording to various embodiments. FIG. 5B is an image 500b of a
sensing resonator 502 according to various embodiments. FIG. 5C is an image 500c¢
of a tracing résonator 504 according to vaﬁous embodiments. A preliminary .
demonstration has been carried out showing the electrical tracing of the refractive
index change. The refractive index is varied through different polymer periods. FIG.
SD is a graph 500d of optic;al power (normalized) against electrical power (mW)
illustrating the measured optical responses of sensing resonators having different
refractive index changes induced by different polymer periods upon electrical power
supply to the tracing resonator. FIG. SE is a graph 500e of electrical power (mW)
against polymer period illustrating the linear fitting of electrical power supplied
(corre's’ponding to maximum optical response) by the tracing resonator as a function of
polymer periods. By reading the refractive index induced by the change in electrical
power, the change in refractive index induced by the change in polymer period may
be directly read out. FIG. 5F is a graph 500f of optical power (normalized) against
electrical power (mW) obtained when the optical sensing system is used to contact .a
sample. FIG. 5G is a graph 500g of optical power (normalized) against electrical
power (mW) obtained during different experimental .runs. FIG. 5H is a graph SOOhk

illustrating the difference in electrical power (in uW) to obtain the same optical
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‘ respdnse in different experimental runs. |
[0106] FIG. 6A is a diagram 600a showing a portion of a optical sensing system
having a 8 channel arr.ay'ed wéveguide grating (AWG) 602 according to variéus
‘embodiments. The optical sensihg system may inclﬁde a waveguide 604 for éoupling
1igﬁt from a broadband source to the AWG 602. Th_¢ optical sensing system méy also
include 8 waveguides 606 for coupling sliced light from the AWG. FIG. 6B is a graph
600b of optical loss (dB)‘ ‘against wavelength (nm) illustrating the measured
transmission spectra of 8 output ports of the AWG shown in FIG. 6A according to
various embodiments using a ASE light source.
[0107] FIG. 7 is a schematic 700 illustrating a method of determining a change in
an refractive index in an optical sensing system according to various embodiments.
The method may include, in 702, separating an input light into a plurality: of sliced
lights. The method may further include, in 704, coupling one sliced light of the
plurality of sliced lights though a first resonator of a plurality of first resonators to one
detector of a plurality of detéctors of the optical sensing system. The method may also
include, in 706, placing a sample in contact with the first résonator. The fnethod may
additionally include, in 708, meaéuring a change in an intensity of the sliced light by
the detector due to the sample being placed in contact with the first resonator. The
change in intensity may be based on a change in a difference between a resonant
wavelength of the first resonator and a resonant wavelength of a second resonatdr.
The method may further include, in 710, determining the change in an effective
refractive index of the first resonator based on the change in thee intensity of the sliced
light.
[0108] In other words, an input light may be separated into a plurality of sliced
lights. One of the sliced lights may be coupled to one first resc;nator. The sliced ligﬁt
may bé coupled directAly or indirectly toa first resonator. The sliced light may then
coupied directly or indirectly to a detector. The first resonator may be placed in

contact with the sample. The change in an intensity of the sliced light may then be
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measured by the detector. The peaks detected by the detector may be caused by the

interaction of a resonant waveiength of the first resonator and a resonant wavelength
of the second resonator. As such, the change in intensity may vary as the resonant
wévelength of the first resonator shifts relative to the resonant wavelength of the
second resonator. The shift in the resonant wavelength of the first resonator ﬁay be
due to a change in.the effective refractive index of the first resonator as a result of the
first resonator being placed in contact with the sample.‘ The change in effective
refractive index of the first resonator may then be determined based on the change in
intensity of the sliced light.
[0109] The sliced light may have a range of wavelengths that is a subset of the
range of wévelengths of the input light. The input light. may be separated into the
plurality of sliced light by a light separation element. Each sliced light may have a
different range of wavelengths. A sliced light may have an overlapping or
non-overlapping range of wavelengths with a further sliced light.
[0110] | Varioﬁs embodiments may relate to determining an effective index of a
sample by adjusting the second resonator. In various embodiments, the output
intensity may initially be at the predefined value. The first resonator is used to contact
a sample such as a chemical or biological sample. As a result, the intensity may
change due to a change in the effective refractive index of the first resonator. The
change in effecti\}e refractive index of the first resonator may be due to a change in a
refractive index of a cladding of the first resonator.
[0111] By adjusting the cufrent or voltage applied to a second resonator until the
output intensity is again at the predefined value, the change in refractive index of the
| first resonator may be determined. The current or voltage applied to the second
resonator may be used to determine the change‘ in refractive index of the ﬁrét
resonator. Coﬁséquently, the sample may be identified based on the change in
refractive index of the first resonator. In other words, the method may also include

defining a predefined value. The method may further include measuring the change in
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the intensity of the sliced light (after placing the sample in contact with the first

resonator) by adjusting the voltage or current applied to the second resonator such that
the inténsity is again at the predefined value. The change in intensity of the sliced
light may be measured indirectly by measuring the voltage or current apblied to the
second resonator such that the inténsity of the' sliced light is again at the‘precieﬁned
value. The change in refractive index may be determined based on the current or
voltage applied to the second resonator. |
[0112]  In various embodiments, the predeﬁnedlvalue may be a maximum intensity.
The predefined value may correspond when the wavelength of light coupled to the
first resonator is at the resonaﬁt wavelength of the first resonator and the wavelength
of the first resonator and the wavelength of light coupled to th.e second resonator is at
the resonant wavelength of the second resonator. The first resonator and the second
resonator may be confi gured to have the same separation between successive resonant
wavelengths. »
[01i3] Various embodiments may relate to determining an effective index of a
sample by determining the change in resonant wavelength of the first resonator. In
various embodiménts, the method may further include determining the difference
between the resonant wavelength of the first resonator and the resonant wavelength of
the second resohator based on the intensity of the sliced light. Determining the change
~ in an effective refractive index of the first resonator may be based on the change in
the difference between the resonant wavelength of the first resonator and tﬁe resonant
wavelength of the sepohd resonator. ‘ - .
[0114] Determining a change on the difference between th¢ resonant wavelength
of the first resonator and the resonant wavelength of the second resonator may include
fixing the resonant wavelength of the second resonator and determining the change ih
resonant wave]ength. of the first resonator. The change in resonant wavelength of the
first resonator may be determined based on the cﬁange in intensity of the sliced light.

In other words, the method may include fixing the second resonator (i.e. keeping the
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voltage or current applied to the second resonator constant). The method may include
determining the ‘chahge in resonant wavelength of the first resonator based on the
change in intensity of the sliced light. The change in the éffective refractive of the - -
first resonator may be determined based on.the change in resonant wavelength of the
first resonator. The determination iﬂ the change in the effective refrac:cive of t};e first
resonator may be carried out by a calculation or by looking up a correlation table etc.
{0115]  In various embodiments, the second resonator may be coupled between the
first resonator and the detector. The sliced light may be coupled from the first
resonator to the second resonator and from the second resonator to the detector.- In
various embodiments, the first resonator rmay be coupled between the second
resonator and the detector. The sliced light may be coupled from the second resoﬂator
to the first resonator and from the first resonator to the detector. |
[01 l6j In various embodiments, the second resonator may be coupied between the
light source and the light separatién element. The input light may be coupled to the
second resonator from the light source to the second resonatof and from the second
resonator to the light separation element. At the 1ight separation element, the input
light may be separated into a plﬁrality of sliced lights, one sliced light of the plurality
of sliced light may then be coupled to the first resonator. The sliced light may then be
coupled to the detector. |
[0117] In various embodiments, the sliced light may be coupled to an input port of
the first resonator. The sliced light may be outputted from the drop port of the first
resonator. Similarly, the sliced light or input light may be coupled to an input port of
the second resonator. The sliced tht or input light may be outputted from the drop
port of the second fesOnator.

[0118]  Various embodiments may apply to the optical sensing system shown ih
FIG. 2A.In various embodiments, the method may further include coupling a further
sliced Iight‘ of the plurality of sliced lights though a further first resonator of the

plurality of first resonators 10 a further detector of a plurality of detectors of the
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optical sensing system. Coupling the »furthér sliced light of the plufality of sliced
lights through a further first resonator of the plurality of first resonators to a further
detector of the plurality of further detectors ﬁay include coupling the further sliced
light to the further first résoﬂator and coupling the sliced light from the further first
resonator to the further detector. In‘ particular, coupling the further sliced light.of the
plurality of sliced light through a further ﬁrsf resonator of the plurality of first ‘
resonators to a further detector of the plurality of further detectors may include
coupling the further sliced light to an input port of the further resonator and coupling
the further sliced light from a drop pért of the.further resonator to the detector.
[0119] Various.embodiments may relate to determining change in one or more
effective indexes of one or more first resonators by using a reference sample. In
various embodiments, the method may include-placing the further first resonator in
contact with a reference sample such that a change in further effective refractive index
of the further first resonator is. predetermined. The method may also include
measuring a change in a furthér intensity of the further sliced light by the further
detector due to the reférence sample being placed in contact with the further first
resonator. DeterminingAthe change in the effective refractive index of the first
resonator may be further based on the predeteﬁnined chaﬁge in the further effective
refractive index and the change in the further intensity of the further sliced light by
the further detector. In other words, since the change in the further effective refractive
index of the rgfei’ence sample is already known, the kﬁown further effective refractive
index of the reference sample as well as the measured change in the further intensity
may be used (together with the measured change in the intensity measured 'by the
detéctor) to determine the refractive index of the (test) sémple. The remaining
respective sliced lights of the plurality of sliced lights may be coupled through
| remaining respective first resonators to remaining respective detectors. The remaining
respective first resonators may be brought to contact with other samples to deteﬁnine

the respective refractive indexes of the other samples. In this manner, various
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embodiments may be used to sense multiple samples at the same time. Various

embodim_ehts may be used to sense multiple test samples using a reference sample.
[0120]  Various embodiments may relate to determining a change in a further
effective index of a further. first resonator by .adjusting the second resonator. In
vlarious embodiments, the mefhod may include coupling a further sliced light tl;rough
a further first resonator to a further detector.- The method may also include placing a
further sample in contact with a further first resonator. The method mhy also include
measuring a further intensity by the further detector due to the further sample being
place in contact with the further first resonafor. The method may also include defining
. a further predefined value. The method may further include measuring the change in
the further intensity of the further sliced light (after placing the sample in. contad with
the first resonator) by adjusting the voltage o‘r current applied to the second resonator
such that the further intensity is again at thé predefined value. The change in the
further refractive index niay be defermined based on the current or voltage applied to
the second reso_natbr.

[0121]  Various embodiments may relate to determining a further effective index of"
a further sample by determining fhe change in a resonant wavelength of a further first
resonatdr. In other various embodiments, the method may include coupling a further
sliced light through a further first resonator to a further detector. The method may also
" include placing a further sample. The method may aiso include measuring a change in
a further intensity by the further detector due to the further sample being placed in
_éontact with the further first resonator. The change in further intensity may be based
on the change in the difference between the resonant wavelength of the further first
resonator and the resonant wavelength of the second resonator. The method may also
_include determmmg a change in a further refractive index of the further first resonator
based on the change in a further mtenSIty of the ﬁlrther sliced hght

[0122] The_ method may, include fixing the second resonator (i.e. keeping the

voltage or current applied to the second resonator constant). The method may include
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determining the change in the resonant wavelength of the further first resonator based

on the change in further intensity of the further sliced light. The .change in the further
éffective refractive of the further first resonator may be determined based on the
change in resonant wavelength of the further first resonator. The determination in the
change in the further effective refractive of the further first resonator may be éarried
out by calculation or by looking up a correlation table etc. "

[0123] " In various embodiments, the further sliced light may have a range of
wavelengths different from the range of wavelengths of the sliced light. The range of
wavelengths of the further sliced light may or may not overlap with the range of
wavelengths of the sliced light.

[0124] Various embodiments may apply to the optical sensing system shown in
FIG. 3. In various embodiments, the method méy further include coupling a further
slicéd light of the plurality of sliced light to a further second resonator. The method
may also include further coupling the further sliced ligﬁt from the further second
resonator through a further first resonator of the plurality of first resonatoré to a
 further detector of a plurality of detectors of the optical sensing system. The method
may additionally include measuring a change in iﬁtensity of the further sliced light by
‘the further detector due to a further sample being placed in contact with the further
first resonator.

.[0125] Coupling the further sliced light from the further second resonator through
| a further first resonator of the plurality of first resonators to a further ‘detector of a
~ plurality of detectors of the optical sensing system may include coupling the further
sliced light from the further second resonator to the furthgr first resonator and from
 the further first resonator to the further detector. In particular, the sliced light may be
'coupled from a drop port of the further second resonator to the inﬁﬁt port of the
| further first resonator and from a drop port of the further first resonator to the further
detector. |

[0126] Coupling the further sliced light to the further second resonator may
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include coupling the sliced light to an input port of the further second resonator.

[0127] In various embodiments, the positions of the first resonator and the second
resonator may be interchangeable. The positions of the further first resonatof and the
further second resonator may be mterchangeable In other words, the first resonator
may be coupled between the second resonator and the detector. The sliced hght may
be coupled to the first resonator. The s11ced light may be coupled from. the first
resonator to the second resonator and from the second resonator to the detector.
[0128] The method may further inciude coupling a further sliced light of the
plurality of sliced lights to the further first resonator. The méthc;d may also include
further coupling the further sliced light from the further first resonator through the
further second resonator to the further detector. The method may additionally include
‘measuring a further output intensity by the.further detector.
A[0129] Various embodiments may relate to determining one or more- further
effective ;eﬁactive indexes of a sample or further samples by determining the change
in a resonant wavelength of a first resonator or further ﬁfst resonators. In various
embodiments, the method may include coupling .a sliced light or further respective
sli_ce(i lights through a first resonator or further respective first resonators to a detector
or fﬁrther respective detectors. The method may also include placing a sample or
further respective samples in contact with a first resonator or further respective
resonators. The method may also include measuring a change in an intensity or further
respective intensities by the detector or further respective detectors due to the sample
or further respective samplé being placed in contact with the first resonator or further
respective first resonators. The change in intensity or further respective intensities
may be based on the change in the difference or respective differences between the
resbnant wavelength or respective resonant wavelength of the first resonator/further
fespective’ first resonators and the resonant wavelength or respective ‘resonant
v wavélength of the second resonator/further respective second resonators. The method

may also include determining a change in a further refractive index of the first
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resonator/further respective first resonators based on the change in a intensity/further

respective intenéity of the sliced light/further respective sliced light.

[0130] The method may include fixing the second resonator/further respective

second resonators (i.e. keeping the voltage or current applied to the second resonator /

.rAespective further resonators constant). The method may include determiniﬁg the

change in the resonant wavelength or fespective resonant wavelengths of the first |
resonator/further respective first resonators based on the change in the

intensity/ fgrther respective intensity of the sliced light/further respectivé'sliced light.

The change in the effective refractive index/further effective refractive of the first

resonator/further respective first resonator may be determined based on the change in

the resonant wavelength or respective reéonant' wavelengths. of the first

resonator/further respective first resonators. The determination in the change in the

effective refractive index/further effective refractive indexes of the first

resonator/further respective first resonators may be carried out by calculation or by

looking up a chrelation table etc.

[0131]  Various embodiments may relate to determining one or more effective

refractive indexes of one or more sample by adjusting one or more secoﬁd resonators. -
In various embodiments, the sliced light may include a wavelength that is equal or -
near the resonant wavelength of the first resonator. The second resonator may be
configured or adjusted such that the resonant wavelength of the second resonator is
near or at the resonant wavelength of the first resonator. The first resonator may then
be brought into contact with a sample. The effective refractive index of the first
resonator may change in response to a refractive index 6f a cladding of the first
resonator. The refractive index of the cladding of the first resonator may change és a
result of the first resonator being brought into contact with the sample. The resonaﬁt
wavelengtfl of the first resonator méy shift such that the shifted resonant wavelength
of the first resonator is now no longer near or at the resonant wavelength of the

second resonator and the intensity of the sliced light measured by the detector
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decreases. In order to increase or maximize the intensity of the sliced light, the second
Tesonator may' be tuned via electro-optic or thermo-optic effect to shift the resonant
wavelength of the second resonator such that the shifted resonant wavelength of the
second resonator again coincides with or is near the shifted resonant wavelength of
_:the first resonator. | | B
[0132] S1rn11arly, a further sliced lrght may include a wavelength that is equal or
near the resonant wavelength of the further first resonator. The further second
resonator may be configured or adjusted such that the resonant wavelength of the.
further second resonator is near or at the resonant wavelength of the further first
resonator. The further first resonator may then be brought into contact with a further
- sample. The further sample may be the. same or different from the sample. The
effective refractive index of the further first resonator may change in response to a
change in refractive index of a cladding of the further first resonator. The refractive
index of the cladding of the further first resonator rnay change as a result of the
further first resonator being brought into contact with the further sample. The resonant
waveleng_th of the _further first resonator may shift such that the shiﬂed resonant
wavelength of the first resonator is now no longer near or at the resonant wavelength
of the further second resonator and the intensity of the further sl'iced light measured
oy the further detector decreases. In order to increase or maximize the intensity of the
further sliced light, the further second resonator may be tuned via electro-optic or
thermo-optic effect to shift the resonant wavelength of the further second resonator
such that the._shifted resonant wavelength of the further. second resonator again
coincides with or is near the shifted resonant wavelength of the ﬁlﬂher first resonator.
[0133] In other. words, the method may also include defining one or more
predefined values. The method may further include measuring the change in th.e
respective intensities of the sliced light/further sliced | lights (after placing the
sample/further samples in contact with the first resonator/further first resonators) by

adjusting the voltage or current applied to each second resonator such that the
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respective intensities is again at the predefined vaiue or values. The change in the one
or more refractive indexes fnay be determined based on the current or voltage applied
to each second resonator. One refractive index may be determined based on the
current or voltage applied to one second resonator.

[0134]  As such, multiple samples may be sensed using the optical sensing éystem
at the same time. Multiple samples may be sensed using multiple branches of the
optical sensing system at the sample time. Each branch may include a first resbnator,
a second resonator and a detector. The positions of the first resonator and the second
resonator in each branch may be interchangeable.

[0135] While the invention has been particularly shown and described with
reference to speciﬁé embbdiments, it should be understodd by those skilled in the art
that 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.
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CLAIMS
1. An optical sensing system, the optical sensing system comprising:

a light separation element configured to separate an input light into a plurality
of sliced lights, each sliced light of the plurality of sliced lights having a
different range of wavelengths;

a plurality of first resonators, each first resonator of the plurality of first
resonators configured to receive one respective sliced light of the plurality of
sliced lights, wherein an effective refractive index of each first resonator is
changeable in response to a change in a refractive index of a cladding of the
respective first resonator; and wherein at least one first resonator of the
plurality of first resonators is configured to contact a sample so that a
refractive index of a cladding of the at least one first resonator is changed as
a result of the at least one first resonator brought into contact with the sample;
at least one second resonator coupled to the plurality of first resonators;

a plurality of detectors, wherein one respective detector of the plurality of
detectors is configured to measure a respective intensity of the respective
sliced light based on a difference between a resonant wavelength of each first
resonator and a resonant wavelength of the at least one second resonator;
wherein the difference between the resonant wavelength of each first
resonator and the resonant wavelength of the at least one second resonator is

based on the effective refractive index of each first resonator.

2. The optical sensing system according to claim 1,
wherein the resonant wavelength of the second resonator is adjustable

to a current or voltage applied to the second resonator.

3. The optical sensing system of claim 2,
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wherein each second resonator comprises a thermal heater, and

wherein the current or voltage being adjustable in response to the change in

the effective refractive index of the first resonator is applied to the heater.

4. The optical sensing system according to claim 1,

wherein the plurality of first resonators is coupled to the light separation
element such that each first resonator of the plurality of first resonators is

configured to receive one respective sliced light of the plurality of sliced lights.

5. The optical sensing system according to claim 4, the optical sensing system

further comprising:

a plurality of channel waveguides, each first resonator of the plurality of first
resonators coupled to one respective channel waveguide of the plurality of
channel waveguides;

wherein the respective channel waveguide is configured to couple the
respective sliced light between the light separation element and the respective

first resonator.

6. The optical sensing system according to claim 4, the optical sensing system

further comprising:

a plurality of output waveguides;

wherein one respective output waveguide of the plurality of output
waveguides is coupled to each first resonator, the respective output
waveguide configured to carry the respective sliced light from each first
resonator; and

wherein the respective detector is coupled to the respective output
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waveguide; wherein the respective detector is configured to receive the

respective sliced light from the respective output waveguide.

7. The optical sensing system according to claim 4,

wherein the respective intensity of the respective sliced light is based on a
respective difference between a respective resonant wavelength of each first
resonator and the resonant wavelength of the second resonator;

wherein the respective difference between the respective resonant
wavelength of each first resonator and the resonant wavelength of the second
resonator is based on a respective effective refractive index of the respective

first resonator.

8. The optical sensing system according to claim 7,

wherein the respective effective refractive index of each first resonator is
changeable in response to a change in a respective refractive index of a

respective cladding of each first resonator.

9. The optical sensing system according to claim 4,

wherein the optical sensing system further comprises a coupling waveguide

coupling the second resonator and the light separation element.

10. The optical sensing system according to claim 9, the optical sensing system

further comprising:

an optical broadband source; and
an input waveguide coupling the optical broadband source to the second

resonator.
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11. The optical sensing system according to claim 1, the optical sensing system

further comprising:

one or more further second resonators such that the optical sensing system
comprises a plurality of second resonators, the plurality of second resonators
coupled to the light separation element such that each second resonator of
the plurality of second resonators is configured to receive one respective

sliced light of the plurality of sliced light.

12. The optical sensing system according to claim 11,

wherein one respective first resonator of the plurality of first resonators
coupled to each second resonator such that the respective first resonator

receives the respective sliced light from each second resonator.

13. The optical sensing system according to claim 12, the optical sensing system

further comprising:

a plurality of coupling waveguides;

wherein one respective coupling waveguide of the plurality of coupling
waveguides couples between each second resonator and the respective first
resonator, the respective coupling waveguide configured to carry the
respective sliced light from each second resonator to the respective first

resonator.

14. The optical sensing system according to claim 11, the optical sensing system
further comprising:

a plurality of output waveguides;
wherein one respective output waveguide of the plurality of output

waveguides is coupled to the respective first resonator, the respective output
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waveguide configured to carry the respective sliced light from the respective
first resonator; and

wherein the respective detector is coupled to the respective output
waveguide; wherein the respective detector is configured to receive the

respective sliced light from the respective output waveguide.

15. The optical sensing system according to claim 11,

wherein the respective intensity of the respective sliced light is based on a
respective difference between a respective resonant wavelength of the
respective first resonator and a respective resonant wavelength of each
second resonator;

wherein the respective difference between the respective resonant
wavelength of the respective first resonator and the respective resonant
wavelength of each second resonator is based on a respective effective

refractive index of the respective first resonator.

16. The optical sensing system according to claim 15,

wherein the respective effective refractive index of the respective first
resonator is changeable in response to a change in a respective refractive

index of a respective cladding of the respective first resonator.

17. The optical sensing system according to claim 11, the optical sensing system

further comprising:

an optical broadband source; and
an input waveguide coupling the optical broadband source to the light

separation element.
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18. A method of determining a change in an effective refractive index of one first
resonator of a plurality of first resonators in an optical sensing system, the method

comprising:

separating an input light into a plurality of sliced lights, each sliced light of the
plurality of sliced lights having a different range of wavelengths;

coupling one sliced light of the plurality of sliced lights through the one first
resonator of the plurality of first resonators to one detector of a plurality of
detectors of the optical sensing system;

coupling another sliced light of the plurality of sliced lights through another
first resonator of the plurality of first resonators to another detector of the
plurality of detectors of the optical sensing system;

placing a sample in contact with the one first resonator of the plurality of first
resonators so that a refractive index of a cladding of the one first resonator is
changed as a result of the one first resonator brought into contact with the
sample;

placing a reference sample in contact with the another first resonator of the
plurality of first resonators so that a refractive index of a cladding of the
another first resonator is changed as a result of the another first resonator
brought into contact with the reference sample;

measuring a change in an intensity of the one sliced light by the one detector
due to the sample being placed in contact with the one first resonator of the
plurality of first resonators, the change in intensity based on a change in a
difference between a resonant wavelength of the one first resonator. of the
plurality of first resonators and a resonant wavelength of a second resonator;
measuring a change in a further intensity of the another sliced light due to the
reference sample being placed in contact with the another first resonator of
the plurality of first resonators; and

determining the change in an effective refractive index of the one first
resonator of the plurality of first resonators based on the change'in the

intensity of the one sliced light, the change in the further intensity of the
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another sliced light, and a predetermined change in a further effective

refractive index of the another first resonator of the plurality of first resonators.



