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57 ABSTRACT

An optical sensing system may include a light separation
element configured to separate an input light in1o a plurality
of sliced lights and a first resonator configured to receive one

Appl. No.: 14/434,399 sliced Tight of the plurality of sliced lights. An effective
i refractive index of the first resonator may be changeable in
PCT Filed: Oct. 8, 2013 response 1o a change in a refractive index of a cladding of the
first resonator, a second resonator coupled to the first resona-
PCT No.: PCT/SG2013/000431 tor and a detector configured to measure an intensity of the
§371 {e)1), sliced light, the intensity of the sliced light based on a differ-
(2) Date: Apr. 8, 2015 ence between a resonant wavelength of the first resonator and
aresonant wavelength of the second resonator. The difference
Foreign Application Priority Data between a resonant wavelength of the first resonator and a
resonant wavelength of the second resonator may be based on
Oct. 8,2012  (8G) wreeerenr v, 201207485-2 the effective refractive index of the first resonator.
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OPTICAL SENSING SYSTEM AND METHOD
OF DETERMINING A CHANGE IN A
REFRACTIVE INDEX IN AN OPTICAL
SENSING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0¢01] This application claims the benefit of priority of SG
application No. 201207485-2, filed Oct. 8, 2012, the contents
of it being hereby incorporated by reference in its entirety for
all purposes.

TECHNICAL FIELD

[0002] 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

[0603] Label-free optical biological/chemical sensors are
essential in the application of medical diagnosis, healthcare
and environmental monitoring etc. Among all the
approaches, optical microresonator-based biosensors are
regarded to be very promising due to their high sensifivity to
refractive index change (~107*-1077 refractive index unit
(RIU})), which are comparable to the sensitivity of conven-
tional surface plasmon resonance (SPR) technique. In addi-
tion, optical microresonator-based biosensors typically have
compact footprint (~10°s pn—100’s pm), and offer potential
large-scale integration with microfluidics.

[0004] Single microring resonator-based biosensors in sili-
con-on-insulator (SOF) have been demonstrated vsing either
conventional microrings. The demonstrated detection limit
ranges from 107%-1077 RIU.

[0005] However, for nearly all the demonstrated microreso-
nator sensors, the wavelength-scanning method using wave-
length-tunable lasers was considered to be the “defauli” tech-
nique for measuring sharp resonant wavelength shift. The
wavelength-scanning method requires high-resolution wave-
length tunable lasers in order to measure the sharp resonant
wavelength shiff, in which the detection limit is [imited by the
laser resolution. Furthermore, high-resolution wavelength-
scanning lasers are very expensive and nol suitable for point-
of-care applications.

SUMMARY

[0006] In various embodiments, an optical sensing system
is provided. The optical sensing system may include a light
separation element configured to separate an input light into a
plurality of sliced lights. The optical 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 {o a change in a refractive index of 2 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 wave-
length of the first resonator and a resonant wavelength of the
second resonator. The difference between a resonant wave-
length of the first resonator and a resonant wavelength of the
second resonator may be based on the effective reftactive
index of the first resonator.
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[0007] Invarious 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 method may further include coupling one sliced
light of the plurality of sliced lights though a first resonator of
a plurality of first resonators 1o one detector of a plurality of
detectors of the optical sensing systen. 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 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 resonator. The methed may further
include detemiining 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

[0008] The invention will be better understood with refer-
ence to the detailed description when considered in conjunc-
ticn with the non-limiting examples and the accompanying
drawings, in which:

[0009] FIG. 1A is a schematic showing an optical sensing
system according to various embodiments. FIG. 1B is another
schematic showing an optical sensing system according 1o
various embodiments. FIG. 1Cis a further schematic showing
an optical sensing system according to various embodiments,

[0010] FIG. 2A is a schematic showing an optical sensing
system according to various embodiments; FIG. 2B is a graph
of intensity against wavelength (1) of input light outputted by
atracing element (e.g, second resonator) according o various
embodiments; FIG. 2C is a graph of intensity against wave-
length (A) illustrating the separation of the input light into a
plurality of sliced lights according to various embodiments;
FIG. 2D is a schematic illustrating the specira 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 sche-
matic illustrating the relationship of the resonant wavelengih
of the second resonator, the first resonant wavelength of each
first resonator as well as the resultant respective intensity of
the respective sliced optical light.

[0811] FIG. 3 is a schematic showing an optical sensing
system according lo various embodiments.

[0012] FIG. 4A shows a design of a portion of the optical
sensing system according to various embodiments; FIG. 4B is
a scanning electron microscopy (SEM) image of the channel
waveguides indicated in FIG. 4A according to various
embodiments; F1G. 4C is a SEM image of a mode converter
for coupling between a slab wavegnide and a channel
waveguide according to various embodiments; FIG. 4D is a
SEM image of a concave grating with bragg pratings accord-
ing to various embodiments; FIG. 4E is a SEM image of the
bragg gratings; FIG. 4F is a SEM image of a microring
resonaior with underlying layer removed according to various
embodiments; FIG. 4G is a SEM image of a germanium (Ge)
photodetector according to various embodiments; FIG. 4H is
an image showing output light from the 4 waveguides; FIG. 41
is a graph of transmission (dB) against wavelength A(nm) of
the four output lights in FIG. 4H; FIG. 4] is an image of a
portion of the optical sensing system showing a miicroring
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resonator and the photodetector; and FIG. 4K is an image of
three optical sensing systems fabricated on a substrate.
[0013] FIG. 5A shows a schematic view of an optical sens-
ing system according to various embodinzents; FIG. 5B is an
image of a sensing resonator according to various embodi-
ments; F1G. 5C is an image of a tracing resonator according to
various embodiments; FIG. 5D is a graph of optical power
{normalized) against electrical power (mW) illustrating the
measured optical responses of sensing resonators having dif-
ferent refractive index changes induced by different polymer
periods upon electrical power supply 1o the tracing resonator;
FIG. 5E is a graph of electrical power (mW) against polymer
period illustrating the linear fitting of electrical power sup-
plied (corresponding to 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 illus-
trating the difference in electrical power (in pW) 10 obtain the
same optical response in different experimental runs.

[0014] FIG. 6A is a diagram showing a portion of a optical
sensing system Laving a 8 channel arrayed waveguide grating
(AWG) according to various embodiments; and FIG. 6B isa
graph of optical loss (dB) against wavelength (nm) illustrat-
ing the measured transmission spectra of 8 output ports of the
AWG shown in FIG. 6A according to various embodiments
using a ASE light source.

[0015] FIG. 7 is a schematic illustrating a method of defer-
mining a change in one or more effective refractive indexes in
an optical sensing system according to various embodiments.

DETAILED DESCRIPTION

[0016] The following detailed description refers 1o the
accompanying drawings (hat show, by way of illustration,
specific details and embodiments in which the invention may
be practiced. These embodiments are described in sufficient
detail to enable those skilled in the art to practice the inven-
tion. Other embodiments may be usilized and structural, and
logical changes may be made without departing from the
scope of the invention. The various embodiments are not
necessarily mutually exclusive, as some embodiments can be
combined with one or more other embodiments to form new
embodiments.

[0017] 1n order that the invention may be readily under-
stood and put into practical effect, particular embodiments
will now be described by way of examples and not limita-
tions, and with reference to the figures. .

[0018] FIG. 1A isaschematic 100 showing an optical sens-
ing system 102 according to various embodiments. The opti-
cal sensing system 102 may include a light separation ele-
ment 104 configured to separate an input light into a plurality
of sliced lights. The optical sensing system 102 may 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
rescnator 106. In addition, the optical sensing system 102
may include a second resonator 108 coupled to the first reso-
nator 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
en a difference between a resonant wavelength of the first
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resonator 106 and a resonant wavelength of the second reso-
nator 108. The difference between the resonant 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.

[0019] 1In other words, the optical sensing system may
include a light separation element 104 configured to separate
an input light inte a plurality of component lights. One com-
panent light of the plurality of component Fights may be
coupled to a first resonator 106. The effective refractive index
of the first resonator 106 may be dependent on the surround-
ings in which the first resonator 106 is placed in, such as a
sample in which the first resonator 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 differ-
ence 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 be in
turn be dependent on the effective refractive index of the first
resonator 106,

[0020] Thedifferent optical elements such as the light sepa-
ration 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 1405 showing an
optical sensing system according to various embodiments.
FIG. 1C is a further schematic 100¢ showing an optical sens-
ing system according to various embodiments. _
[0021] Coupling between a first element and a second ele-
ment may include direct coupling between the first element
and the second element or indirect coupling between the first
optical element and the second optical element via one or
more further elements. The ene or more elements further may
include waveguides and/or oplical fibers as well as other
optical elements. For avoidance of doubt, the dotted lines in
FIGS. 1A-C may represent direct coupling or indirect cou-
pling.

[0022] Invarious embodiments, the difference betweenthe
resonant wavelength of the first resonator 106 and the reso-
nant wavelength of the second resonator 108 may be based on
the resonant wavelength of the first resonator 106 and the
resonant wavelength of the second resonator 108, The reso-
nant wavelength of the first resonator 106 may be based on the
effective refractive index of the first resonator 106.

[0023] Invariousembodiments,the resonant wavelength of
the second resonator 108 may be adjustable to a current or
voltage applied to the second resonator 108.

[0024] Invarious embodiments, if the resonant wavelength
of the second resonator is kept unchanged, the change in the
difference (between the resonant wavelength of the first reso-
nator 106 and the resonant wavelength of the second resona-
tor 108) nay be based on a change in the effective refractive
index of the first resonator 106. Further, if the change or shift
in the resonant wavelength of the [irst resonator 106 may be
based on the change in the effective refractive index of the
first resonator 106.

[0025] Invarious embodiments, the optical sensing system
102 may be a biological/chemical sensor.

[0026] Invarious embodiments, the first resonator 106 may
serve as the sensing element and the second resenator 108
may serve as the tracing element,

[0027] Invarious embodiments, the optical sensing system
102 may be a microring resonator-based optical sensor or
sensing system. The resonators may be microring resonators.
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The optical sensing system 102 may include one or more
microring resonators serving as the sensing element or sens-
ing elements. The optical sensing, system 102 may include
ane or more mircroring resonators serving as the tracing
element or tracing elements.

[0028] The optical sensing system 102 may include simi-
larly designed resonators 1o serve as sensing elements and
tracing elements. The first resonator 106 may serve as a
sensing element. The second resonater 108, which is simi-
larly designed as the first 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, e.g. effective refractive
index, of the first resonator 106. For instance, the first reso-
nator 146 may be configured to contact a biclogical or chemi-
cal sample. The secand resonator 108 may be used to track or
respond to changes in properties of the first resonator 106 as
a result of 2 stimulus, e.g. coming into contact with the bio-
logical sample or chemical sample. In various embodiments,
the first resonator 106 may include an underlying layer. The
nnderlying layer may include silicon. Additionally, or alter-
natively, the wnderlying 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 under-
lying layer. The absence of an underlying layer 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 rela-
tively high, with up to 10s of mW for a conventional sensing.
The first resonator 106 and the second resonator 108 may be
configured to have the same separation between successive
resonant wavelengths. In various embodiments, one resonant
wavelength may correspond to one resonant frequency, 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 frequen-
cies. In this context, “resonant wavelength” and “resonant
frequency™ may be used interchangeably.

[0029] Sliced lights in the current context may refer 1o
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
1o as unseparated light.

[0030] 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.
Therange of wavelengihs of one sliced light of the plurality of
sliced lights may be different from the range of wavelengihs
ofa further sticed 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 dispersion element 104 may have a different range of
wavelengths from a second sliced light. The range of wave-
lengths of the sliced light may or may not overlap with the
range of wavelengihs from the further sliced light. The light
separation element 104 may be a demultiplexer such as a
concave grafing or an array waveguide grating (AWG). The
concave grating may include one or more bragg gratings.
[0031] Invarious embodiments, the input light may include
multiple wavelengths that may be resonant {o the first reso-
nators and/or the second resonators. In other words, light
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transmitted through a resonator may exhibit multiple optical
intensity maxima. The period or separation between fwo suc-
cessive transmitted optical intensity maxima or resonamt
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.

[0032] Invarious embodiments, the first resonator 106 and
the second resonator 108 may be configured to be at reso-
nance. When the first resonator 106 and the second resonator
108 is at resonance, the intensity of the light received by the
first resonator 186 and the second resonator 108 may be ata
maxinmm. 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 particular wavelength may correspond to the
resonant wavelength of the 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 mput light or
unseparated light may also include the particular wavelength.
In various alternate embodiments, the sliced light may also be
recejved by the second 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 correspond-
ing to the resenant wavelength of the first resonator 106 and
the resonant wavelength of the second resonator 108, the first
resonator 106 and the second resonator 108 may be at reso-
nance,

[0033] The first resonator 106 and the second resonator 108
may be initially at resonance or near resonance (ihe resonant
wavelength of the first resonator is within a predetermined
range from the resonant wavelength of the second resonator)
such that the light intensity measured by the detectoris 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 resonatar, The intensity of light measured or detected by
the detector 114 may be reduced. The intensity of the light
may be reduced as the shified resonant wavelength of the first
detector is no longer at the resonant wavelength of the second
resonator or within the predetermined 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 resonant wavelength of the first resonator, The
application of the current or voltage may resultin the intensity
of light detected or measured to be increased back to the
predetermined level. The current or voltage applied may be
measured to detennine 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 1o 2
change in the refractive index of the cladding (e.g. upper
cladding layer) of the second resonator 108. In various
embodiments, by providing the second resonator and incor-
porating thermo-optical tuning or electro-optical tuning with
the second resonator (e.g. the tracing resonator may be
dynamically thermally tuned or electrically tuned, due to
themmo-optic (TO) or electro-optic (EQ) effect respectively,
(e.g. free carrier dispersion effect, liquid crystal tuning, poly-
mer tuning)), the resonant wavelength shift may be obtained
or determined, for example, by directly reading or determin-
ing the current or voltage applied to the second resonator,
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andfor changes in the current or voltage applied. The current
or vollage may be applied using a vollage/current supply
source.

[0034] For TO tuning, the second resonator may inclide a
thermal heater, Alternatively, the optical sensing system may
include a thermal heater placed in proximity to the second
resonalor. The resonant wavelength shift of the second reso-
nator 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 sensing
system, and/or changes in the current or voltage applied.
[0035] Oneormore electrical interconnections may be con-
nected 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,

[0036] In various embodiments, the change in the effective
refractive index of the first resonator and the change in the
current applied to the second resenator has a relationship of

Ang =24RIAIE
a4 =2ARIAIE,

where An, ;s the change in the effective refractive index of
the first resonator, A is thermal efficient (nm/W), R is the
resistance of a thermal heater, I is the current applied to the
second resonator, Al is the change in the current applied to the
second resonator, . is a group refractive index of the first
resonator, and A, is the center wavelength of the first resona-
tor.

[0037] 1nvarious embodiments, the difference between the
resonait wavelength of the first resonator and the resonant
wavelength, of the second resonator may be determined
based on the variation of light intensity measured by the
detector 114. The intensity of light may be measured prior to
the first resonator 106 confacting the sample. The intensity of
light may be measured after the first resonator 106 contacting
the sample. The change in intensity of light may be used to
determine the shifted resonant wavelength of the first resona-
tor 106 as a result of contacting the sample. The resonant
wavelength of the second resonator 108 may be kept
unchanged (i.e. by notadjusting the voltage or current applied
to the second resonator 108), The change in intensity of light
may be used to determine the shifted resonant wavelength
based on a known relationship between the change in inten-
sity and a change in a difference between the resonant wave-
length of the first resonator 106 and the resonant wavelength
of the second rescnator 108.

[0038] In various embodiments, the light separation ele-
ment 104 may be coupled between the first resonator 106 and
the second resonator 108. The first resonator 106 may be
conpled to the detector 114. The second resenator 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 wavegpide to the Jight separation ele-
ment 104. The light separation element 104 may be config-
ured to separate the input light into a plurality of sliced lights,
each of the plurality of sliced lights having & range of wave-
lengths. The optical systems 102 may further include a channel
waveguide to couple one sticed light of the plurality of sliced
lights to the first resonator 106. The optical system 102 may
also include an output waveguide configured to couple the
sliced light {from the first resonator 106 to the detector 114.
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[0039] Invarious 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 source. Light from the light
source may be coupled by an input waveguide to the light
separation 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 channe!l 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 the sliced light from the first resonator 106 1o the
second resonator 108. The optical sensing system may further
include an output waveguide configured to couple the sliced
optical light from the second resonator 108 to the detector
114.

{0040] In various alternate embodiments, the second reso-
nator 108 may be coupled between the light separation ele-
ment 104 and the first resonator 106. The light separation
element 104 may be coupled to a light source, Light from the
light source may be coupled by an input waveguide to the
light separation element 104. The light separation element
104 may be configured to separate ihe input light into a
plurality of sliced lights, each of the plurality of sticed 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 second resonator 108.
The optical system 102 may further include one coupling
wavegtide (o couple the sliced light from the second resona-
tor 108 to the first resonator 106. The optical sensing system
may further include an output waveguide configured to
couple the sliced optical light from the first resonator 106 to
{he detector 114.

[0041] Invariocus embodiments, the optical sensing system
102 may include one or more further first resonators 106, The
optical sensing system may additionally include one or more
further second resonators 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 element. 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 chanriel may be detected by a
detector 114. Each branch may include one first resonator 106
and one detector 114.

[0042] Various embodiments have advantages over sys-
tems which only allow for single channe] sensing. Advanta-
geously, various embodiments having multiple chatnels
allow for multi-channel sensing andfor wavelength demnuiti-
plexing (WDM) sensing. Various embodiments allow for
multi-channel sensing and/or wavelength demultiplexing
(WDM) sensing with only a single light source. WDM sens-
ing with a single broadband light source eliminates multiple
lasers with different wavelengths for each channel, thus
reducing costs. Additionally, various embodiments with mul-
tiple first resonators but fewer second resonaiors (e.g. one
second resonator) allow for multi-channe] sensing but at the
same fime reduce power consumption.

[0043] Invarious embodinients, the optical sensing system
102 may further include one or more further first resonators
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such that the optical sensing system 102 includes a plurality
of first resonators 106. The plurality of first resonators 106
may be coupled to the light separation elemeit 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,

[0044] 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 respec-
tive channel waveguide of the plurality of channel
waveguides, The respective channel wavegunide may be con-
figured to couple the respective sliced light between the light
separation element 104 and the respective first resonator 196.
[0045] The oplical 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
respective intensity of the respective sliced light, The optical
sensing system 102 may also inchide a plurality of cutput
waveguides. One respective output waveguide of the plurality
of output waveguides may be coupled 1o each first resonator
106. The respective cutput waveguide may be configured to
carry the respective sliced light from each first resonator 106.
The respective detecior 114 may be coupled to the respective
output waveguide, The respective detector 114 may be con-
figured to receive the respective sliced light from the respec-
tive output waveguide.

[0046] In various embodiments, the respective intensity of
the respective sliced light may be based on a respective dif-
ference belween a respective resonant wavelength of each
first resonator 106 and the resonant wavelength of the second
resonator 108, The respective difference between a respective
rescnant wavelength of each first resonator 106 and the reso-
nant wavelength of the second resonator 108 may be based on
a respective effective refractive index of the respective first
resonator 106. In various embodiments, the respective differ-
ence (between the respective resonant wavelength of each
first resenator 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 respective effective refractive index
of the respective first resonator 106. In other words, the
respective resonant wavelength of the first resonator 106 {and
lence the effective refractive index of each first resonator
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.

[0047] Therespective effective refractive index of each first
resonator 106 may be changeable in response to a change ina
respective refractive index of a respective cladding of each
first resonator 196.

[0048]  Invarious embodiments, the optical sensing system
102 may further inchrde a coupling waveguide coupling the
second resonator 108 and the light separation element 104.
[0049] Invarious embodiments, the optical sensing system
102 may further include an optical broadband source. The
oplical sensing system 102 may also include an input
waveguide coupling the optical broadband source to the sec-
ond resonator 108,
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[0050] In various embodiments, one detector of the plural-
ity of detectors 114 may be contacted with a reference
sample. One or more of the remaining detectors of the plu-
rality 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.

{0051] Altematively, in various embodiments, the optical
sensing system 102 may further include one or more further
second resonators such that the optical sensing system 102
includes a plurality of second resonaters 108, In various
embodiments, the plurality of second resonators 108 may be
coupled to the light separation element 104 such that each
second resonator of the plurality of second resonators 108 is
configured to receive one respective sliced light of the plural-
ity of sliced lights. The optical system 102 may further
include a plurality of channel waveguides. Each second reso-
nator may be coupled to one channe] waveguide of the plu-
rality of channel waveguides. One channel waveguide of the
plurality of waveguides may be coufigured to couple the
respective sliced light between the light separation element
104 and each second resonator 108.

[0052] Invarious embodiments, the eptical sensing system
102 may also include one or more further first resonators such
that the optical sensing system includes a plurality of first
resonators 106. One respective first resonator of the plurality
of first resonaters 106 may be coupled to each second reso-
nator such that the respective first resonator 106 receives the
respective sliced light from each second resonator 108.
[0053] The optical sensing system 102 may also include a
plurality of coupling waveguides. One respective coupling
wavegnide of the plurality of coupling waveguides may
couple between each second resonater 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.
[0054] The optical sensing system 102 may also 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 114 is configured to
measurearespective intensity of the respective sliced light. In
various embodiments, the optical sensing system 102 may
include a plurality of output waveguides. One respective out-
put waveguide of the plurality of output waveguides may be
coupled to the respective first resonator 106. The respeciive
output waveguide may be configured to carry the respective
sliced light from the respective first resonator 106. The
respective detector 114 may be coupled to the respective
output waveguide. The respective detector 114 may be con-
figured to receive the respective sliced light from the respec-
tive cutput waveguide.

[0055] The positions of the first resonators and the second
resonators imay be interchangeable. In other words, in various
alternate embodiments, the plarality 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
tight of the plurality of sliced optical light. Each first resona-
tor 106 may be coupled to one respective channel waveguide.
One respective chaime] waveguide maybe configured to
couple the respective sliced light between the light separation
element 104 and each first resonator 106. One second reso-
nator 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 168 may be configured to
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receive the respective sliced light of the plurality of sliced
lights from each first resonator 106. One respective coupling
wavegtide of the plurality of coupling waveguides may
couple between each first resonator 106 and the respective
second resonmator 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 plurality of
output wavegnides may be coupled to the respective second
resonator 108. The respective output wavegunide may be con-
figured 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
wavegnide. The respective detector 114 may be configured to
receive the respective sticed light from the respective output
waveguide.

[0056] Inboth cases, in various embodiments, the respec-
tive intensity of 1he respective sliced light may be based ona
respective difference between a resonant wavelength of the
respective first resonator and a respective resonant wave-
length of each second 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 a respective effective
refractive index of the respective first resonator. The respec-
tive difference between the respective resonant wavelength of
the respective first resonater and the respective resonant
waveleng(h of each secand resonator may be based on the
respective resonant wavelenpth of the respective first resona-
tor and the respective resonant wavelength of each second
resonator, The respective resonant wavelength of the respec-
tive first resonator may be based on a respective effective
refractive index of the respective first resonator.

[0057] 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 respective clad-
ding of the respective first resonator.

[0058] Invarious embodiments, the optical sensing system
may include an optical broadband source. The optical sensing
system 102 may firther include an input wavegnide coupling
the optical broadband source to the light separation element
104,

[0059] 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 also be
coupled directly between the optical elements in appropriate
sitvations,

[0060) The cladding of the first resonatar 106 may include
or may be an oxide cladding, for example 8iO, or InAlAs
oxide (InAlAs(0,)). The cladding may be formed using a
complementary metal oxide semiconduetor (CMOS) com-
patible fabrication process, for providing a cost effective opti-
cal sensing system.

[0061] In various embodiments, the detector 114 may
include photodeteciors such as photodiodes or charge-
coupled devices (CCDs). In various embodiments, 1he detec-
tor may be one detector of an integrated photodetector array.
Electrical read-out may be done via the photodetector array
for sensing interrogation. An integrated photodetector array
may result in compact device footprint and/or lower fabrica-
tion costs compared to off-the-shelf photodetectors.

[0062] FIG. 2A is a schematic 200a showing an optical
sensing system 202 according to various embodiments. The
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optical sensing system 202 may include a light separation
element 204 configured to separate an input light into a plu-
rality of sticed lights. The optical sensing system 202 may
further include a first resonator 2064 configured to receive
one sliced light 210a of the plurality of sliced lights 210a,
2105, 210¢, 2104. wherein an effective refractive index of the
first resonator 2064 is changeable in response to a change in
a refractive index of a cladding of the first resonator 206a. In
addition, the optical sensing system 202 may include a second
resonator 208 coupled 1o the first resonator 206a. The optical
sensing system 202 may Turther include a detector 214a con-
figured to measure an intensity of the sliced light 2104. The
intensity of the sliced light 210a may be based on a difference
between a resonant wavelengih of the first resonator 106 and
a resonant wavelength of the second resonator 108, The dif-
ference between the resonant wavelength of the first resenator
2064 and the resonant wavelength of the second resonator
208 may be based on an effective reftactive index of the first
rescnator 206.

{0063] Invarious embodiments, the difference betweenthe
resonant wavelength of the first resonator 2064 and the reso-
nant wavelength of the second resonator 208 may be based on
the resonant wavelength of the first resonator 206a and the
resonant wavelength of the second resonator 208. The reso-
nant wavelength of the first resonator 206a may be based on
the effective refractive index of the first resonator 206a.
[0664] Invarious embodiments, the resonant waveleng(h of
the second resonator 208 may be adjustable 10 a current or
voltage applied to the second rescnator 208.

[0065] Invarious embodiments, the optical sensing system
202 may further include one or more further first resonators
2065, 206, 2064 such that the optical sensing system 202
includes a plurality of first resonators 206a, 2064, 206¢, 2064,
The plurality of first resonators 206a, 2065, 206¢, 2064 may
be coupled to the light separation element 204 such that each
first resonator of the plurality of first resonators 206a, 2065,
206¢, 2064 is configured to receive one respective sliced light
of the plurality of sliced lights 2£0a, 2105, 210c, 210d. An
effective refractive index of each first resonator may be
changeable in response to a change in a refractive index of a
cladding of the respective first resonator. For instance, as
shown in FIG. 24, the first resonator 2064 may be configured
to receive sliced light 210a, the first resonator 2065 may be
configured fo receive sliced light 2105, the first resonator
206¢ may be configured to receive sliced light 210¢ and the
first resonator 2064 may be configured to receive sliced light
2104,

[0066] The optical sensing system 202 may further include
a plurality of channel waveguides 2124, 2125, 212¢, 212d.
Each first resonator of the plurality of first resonators 206a,
2065, 286c, 2064 may be coupled to one respective channel
waveguide of the plurality of channel waveguides 212a,
2125, 212¢, 2124. For instance, as shown in FIG. 24, the first
resonator 2064 may be coupled to the channel waveguide
212a, the first resonator 2065 may be coupled to the channel
wavegnide 212b, the first resonator 206¢ may be coupled to
the channel wavepuide 212¢ and the first resonator 2064 may
be coupled to the channe] waveguide 2124

[0067] The respective channel waveguide may be cenfig-
ured to couple the respective sliced light between the light
separation element 204 and the respective {irst resonator. For
instance, the channel waveguide 2124 may be configured to
couple the sliced light 210a between the light separation
element 204 and the first resonator 206a, the channel
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wavegnide 2126 may be configured to couple the sliced light
2105 between the light separation element 204 and the first
resonator 2065, the channel waveguide 212¢ may be config-
ured to couple the sliced light 210¢ between the light separa-
tion element 204 and the first resonator 206¢ and the channel
waveguide 2124 may be configured to couple the sticed light
2104 between the light separation element 204 and the first
resonator 206d. The respective channel waveguide may be
configured to couple the sliced light between the light sepa-
ration element 204 and a respective ‘input’ port of the respec-
tive 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 reso-
nator. The remaining portion of the respective sliced light
may be outputted to a respective ‘drop” post of each first
resonator.

[0068] The optical sensing system 202 may include one or
more forther detectors 2145, 214¢, 2144 such that the optical
sensing system 202 includes a plurality of detectors 214a,
214b, 214c, 2144. One respective detector of the plurality of
detectors 214a, 214b, 214c, 2144 may be configured to mea-
sure a respective intensity of the respective sliced light.
Detector 214a may be configured to measure an intensity of
sliced light 210, detector 2145 may be configured to mea-
sure an intensity of sliced light 2105, detector 214¢ may be
confipured to measure an intensity of sliced light 210¢ and
defector 2144 may be configured to measure an intensity of
sliced light 2104. The respective sliced light measured by the
respective detector may be the remaining portion of the
respective sliced light outputted from the respective *drop’ of
each first resonator. In various embodiments, 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 result in
compact device footprint and/or lower fabrication costs com-
pared to off-the-shelf photodetectors.

[0069] The optical sensing system 202 may also include a
plurality of output waveguides 2164, 2165, 216¢, 216d. One
respective output waveguide of the plurality of output
waveguides 216a, 2165, 216¢, 2164 may be coupled to each
first resonator. For instance, outpul wavegunide 216a may be
coupled to first resonator 206a, ontput waveguide 2165 may
be coupled to first resonator 2065, output wavegnide 216¢
may be coupled to first resonator 206¢ and output waveguide
2164 may be conpled to first resonator 2064. The respective
outpul waveguide may be coupled to the respective ‘drop
port of each first resonator.

[0070] Therespective cutput waveguide may be configured
to carry the respective skced light from each first resonator.
Output waveguide 2164 may be configured to carry sliced
light 2104 from first resonator 2064, output wavegnide 2165
may be configured to carry sliced light 2104 from first reso-
nator 2065, output wavegnide 216¢ may be configured to
carry sliced light 210¢ from first resonator 206¢ and output
waveguide 2164 may be configured to sliced light 2104 from
first resonator 2064.

[0071] The respective detector may be coupled to ihe
respective output waveguide. Detector 214a may be coupled
to output waveguide 2164, detector 2145 may be coupled to
output waveguide 2165, detector 214 may be coupled to
output wavegnide 216¢ and detector 2144 may be coupled to
output wavegnide 2164. The respective detector may be con-
figured to receive the respective sliced light from the respec-
tive output wavegnide. Detector 214a may be configured to
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receive the sliced light 21 0a from the cutput waveguide 216a,
detector 214b may be configured to receive the sliced light
2105 from the output wavegnide 2165, detector 214¢ may be
configured to receive the sliced light 210¢ from the output
waveguide 216¢ -and detector 2144 may be configured to
recejve the sliced light 2104 from the output waveguide 2164,
[0072] Invarious other embodiments, the respective detec-
tor of the plurality of detectors 214a, 2145, 214c, 2144 may
be coupled directly to each first resonator of the plurality of
resonators 2064, 2065, 206¢, 2064. The respective detector
may be configured to receive the respective sliced light from
the respective resonator.

[0073] In various embodiments, the respective detector
may be configured to measure an intensity of the respective
sliced light received from the respective output waveguide.
Detector 214a may be configured to measure an intensity of
sliced light 210a received from output waveguide 216a,
detector 2145 may be configured to measure an intensity of
sliced light 2106 received from output waveguide 2165,
detector 214¢ may be configured to measure an intensity of
sliced light 210¢ received from output waveguide 216¢ and
detector 2144 may be configured to measure an intensity of
sliced light 2104 received from output waveguide 2164.
[0674]  In various embodiments, the respective intensity of
the respective sliced light may be based on a respective dif-
ference between a respective resanant wavelength of each
first resonator and the resonant wavelength of the second
rescnator. For instance, the intensity of sliced light 2104 may
be based on a difference between a resonant wavelength of
first resonator 2064 and the resonant wavelength of the sec-
ond resonator 208, the intensity of sliced light 2105 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 210c may be based
on a difference between a resonant wavelength of first reso-
nator 206¢ and the resonant wavelength of the second reso-
nator 208 and the intensity of sliced light 2104 may be based
on a difference between a resonant wavelength of first reso-
nator 2064 and the resonant wavelength of the second reso-
nator 208.

[0075] The respective difference 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
resonalor and the respective resonant wavelength of the
respective second resonator 208) may be based on the respec-
tive resonant wavelength of the first resonator and the respec-
tive 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 resonator. In other words, 1he respective reso-
naitt wavelength of the first resonator (and hence the effective
refrective index of each first resonator) may be obfained
based on the respective difference (from respective intensity
of the respective sliced light) and the rescnant wavelength of
the second resonator 208.

[0076] 1nvarions embodiments, the intensity of the respec-
tive sliced light may be maximum when an optical rescnant
wavelength (or opfical 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 210« may be maximum when
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an optical resonant wavelength of the first resonator 206a and
an optical resonant wavelength of the second resonaior 208
are aligned, the intensity of the sliced light 2105 may be
maximum when an optical resonant wavelengih of the first
resonator 2065 and the optical resonator wavelength of the
second resonator 208 are aligned, the infensity of the sliced
light 210¢ may be maximum when an optical resonant wave-
length of the first resonator 206¢ and the optical resonant
wavelength of the second resonator 208 are aligned, and the
infensity of the sliced light 2104 may be maximmm when an
optical resonant wavelength of the first resonator 2064 and an
optical resonant wavelength of the second resonator 208 are
aligned.

[0077] The optical resonant wavelength {or optical reso-
nant 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 optical reso-
nant wavelength of ihe first resonator 206 may change in
response to the change in the effective refractive index of the
first resonator 206a, the optical resonant wavelength of the
first resonator 2065 may change in response to the change in
the effective refractive index of the first resonator 2065, opti-
cal 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 wave-
length of the first resonator 2064 meay change in response to
the change in the effective refractive index of the first reso-
nator 2064,

[0078] Invariows embodiments, the optical sensing systemn
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 cladding of each first resonator.

[0079] Invarious embodiments, the optical sensing system
202 may further include an optical broadband source 220.
The optical sensing system 102 may also include an input
wavegnide 222 coupling the optical broadband sovrce 220 to
the second resonator 208, The optical broadband source 220
may instead be coupled directly 1o the second resonator 208,
Invarious embodiments, the broadband source 220 may bean
amplified spontaneous emission (ASE) light source, a super-
luminescent diode. Various embodiments may lower costs
compared to using a high resolution tunable laser or multiple
single wavelength lasers,

[0080] In various embodiments, light from the optical
broadband source 220 may be coupled either directly or via
input waveguide 222 to the second resonator 208. A portion of
the light may he outputted to a through port of the second
rescnator. 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 coupled 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
2104) may be coupled to the first resonator 206a directly or
via coupling waveguide 212q. Light having a second range of
wavelengths (i.e. sliced light 2105} may be coupled to the first
resonator 2064 directly or via coupling waveguide 2125,
Light having a third range of wavelength (i.e. sliced light
210c) may be coupled to the first resonator 206¢ directly or
via coupling wavegnide 212¢ and light having a third range of
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wavelength (i.e. sliced light 2104) may be coupled to the first
resonator 2064 directly or via coupling waveguide 2124,

[0081] A portion of the sliced light 2104 may pass through
the first resonator 2064 and be outputted through a through
port of the first resonator 206a. Another portion of the sliced
light 2104 may be coupled to the first resonator 2064, which
may propagate and cycle through and within the first resona-
tor 2064, where part of the sliced light 2104 may be dropped
and coupled to the detector 214a, either directly or through
the output waveguide 2164

0082} Similarly,a portion ofthe sliced light 2105 may pass
through the first resonator 2065 and be outputted through a
through port of the first resonator 2065. Another portion of the
sliced light 2106 may be coupled to the first resonator 2065,
which may propagate and cycle through and within the first
resonator 2065, where part of the sliced light 21056 may be
dropped and coupled to the detector 2145, either directly or
through the output waveguide 2165,

|0083] Likewise, a portion of the sliced light 210¢ may pass
through the first resonator 206¢ and be outputted through a
through port of the first resonator 206¢. Another portion ofthe
sliced light 210c may be coupled 1o the first resenator 206c,
which may propagate and cyele 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
through the output wavegnide 216c.

[0084] Also, a portion of the sliced light 2104 may pass
through the first resonator 2064 and be outputted through a
through port of the first resonator 2064. Another portion of the
sliced light 2104 may be coupled 1o the first resonator 2064,
which may propagate and cycle tlrough and within the first
resonator 2064, where part of the sliced light 2104 may be
dropped and coupled to the detector 2144, either directly or
through the output waveguide 2164.

[0085] FIG. 2B is a graph 2005 of intensity against wave-
length (A) of input light outputted by a tracing element (e.g.
second resonator 208) according to various embodiments, As
shownin F1G. 2B, light outputted by the second resonator 208
may have multiple resonant wavelengths shown by the plu-
rality of peaks 2504, 2505, 250¢, 2504, As the second reso-
nator 208 is adjusted (e.g. by a current or voltage applied to
the second resonator 208), the multiple resonant wavelengths
may shift by the same amount. For instance, peak 2504 may
be shifted by an amonnt to peak 252a. Peak 2506 may be
shifted by the same amount to 2525b. Similarly, peak 250¢ may
be shified by the same amount to 252¢ and peak 2504 may be
shifted by the same amount to 2524. As the second resonator

- 208 is further adjusted, peak 252 may be shifted by a further

amount to 254a, peak 2525 may be shifted by the same further
amount 1o 2545, peak 252¢ may be shifted by the same further
amount to 254¢ and peak 2524 may be shifted by the same
further amount to 254d. The difference between successive
resonant wavelengths may be termed as free spectral range
(FSR).

[0086] FIG. 2C is a graph 200¢ of intensity against wave-
length (k) illustrating the separation of the input light into a
plurality of shiced lights 2104, 2105, 210¢, 2104 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, 210¢, 2104). The light separation element
204 may be configured such that the bandwidth (i.e. range of
wavelengths) of each sliced light is substantially equal to the
FSR.
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[0087] FIG.2D is a schematic 2004 illustrating the spectra
of each shiced 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.

[0088] FIG.2E is a schematic 200¢ illustrating the relation-
ship of the resonant wavelength of the second resonator, the
first resonant wavelength of each first resonator as well as the
resultant respective intensity of the respective sliced optical
light. Each first resonator or sensing element may be config-
ured to have the same FSR as the second resonator. Graph 260
is a plot of intensity against wavelength of the input light
simidar 10 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 respective resonant wave-
length of each first rescnator is shified by a different amount.
On the other hand, the second resonator 208 may be config-
ured to shift each of the multiple resonant wavelengths of the
light outputted by the second resonator 208 by the same
amount when the voltage or current applied 1o the second
resonator 208 is adjusted. Graphs 264a, 2645, 264c, 264d are
the respective intensity of the respective sliced light measured
at the respective detector.

[0089] Therespective intensity of the respective sliced light
measured at the respective detector may be different as the
respective separation (between the resonant wavelength of
the second resonator 208 and the respective wavelengths of
the respective resonator) is different (due to each first reso-
nator placed in contact with a different sample).

[0090] For instance, AE} (separation of the resonant wave-
length of the second resonator 208 and the resonant wave-
length of the first resonator 206¢) may be different from AE2
(separation of the resonant wavelength of the second resona-
tor 208 and the resonant wavelength of the first resonator
206b). As such, the peak intensity of the sliced light 2104 in
graph 264¢ may be different from the peak intensity of the
sliced light 2105 in graph 2645. Similarly, AE3 (separation of
the resonant wavelength of the second resonator 208 and the
resonant wavelength of the first resonator 206¢) may be dif-
ferent from AE1/AE2. As such, the peak intensity of the sliced
light 210¢ in graph 264¢ may be different from the peak
intensities in graph 264a/264b. Also, AE4 (separation of the
resonant wavelength of the second resonator 208 and the
resonant wavelength of the first resonator 2064) may be dif-
ferent from AEL/AE2/AE3. As such, the peak intensity of the
sliced light 2104 in graph 2644 may be different from the
peak intensities in graph 264a/2645/264¢. In various embodi-
ments, the difference or separation of the resonant wave-
length 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 embodi-
ments, AE may be preportional to the intensity of the sliced
light measured.

[0091] The sliced light 210a coupled to the first resonator
2064 may include a wavelength equal to or near an initial
resonant wavelength of the first resonator 2064. The initial
resonant wavelength of the first resonator 2062 may be ) and
the resonant wavelength of the second resonator 208 may be
A,. A, may be at or near },. When the first resonator 2065
comes into contact with a biological or chemical sample, the
resonant wavelength of the first resonator 2064 may shift, i.e.
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from X, 10 A, The intensity of sliced light 210 coupled from
the drop port of the first resonator 206z to the detector 214a
(either directly or through an output waveguide 2164) may
thus decrease as a result of the increased misalignment in
optical resonances of the first resonator 2064 and the second
resonator 208. In other words, the intensity of sliced light
210a may decrease because A, may not be at or near A, In
order to increase or maximize the intensity of the sliced light
2104, the second resonater 208 may be tuned via electro-optic
or thermo-optic effect to shift the resonant wavelength of the
second rescnator such that the shifted resonant wavelength A,.
of the second resonator again coincides with or is near the
shifted resonant wavelength . of the first resonator 206a.

[0092] Invarious embodiments, adjusting the second reso-
nator 208 may shift the resonant wavelengih of the second
resonator 208 in each branch by the same amount. In various
embodiments, a voltage or current may be applied such that
the respective intensities measured at more than one respec-
tive detectors or all the detectors are more than zero. In other
words, it may 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 alt the detectors. Vari-
ous embodiments allow for sensing by more than one first
resonators or all the first resonators at the same tine. Various
embodiments allow simultaneous sensing of multiple
samples. Various embodiments allow for sensing by more
than one first resonators or all the first resonators at the same
time wsing one second resonator 208.

{0693] Various embodiments may vse wavelength demul-
tiplexing (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 channe] by using a broadband light
source and using WDM sensing.

[0094] FIG. 3 is a schematic 300 showing an optical sens-
ing system 302 according to various embodiments. The opti-
cal sensing system 302 may include a light separation ele-
ment 304 coufigured to separate an input light into a plurality
of sliced lights. The optical sensing system 302 may further
include a first resonator 306a configured to receive one sliced
light 310q of the plurality of sliced lights 310a, 3104, 310c,
3104 An effective refractive index of the first resonator 3064
may be changeable in response to, a change in a refractive
index of a cladding of the first resontator 3064. In addition, the
optical sensing system 302 may include a second resonator
308 coupled to the second resonator 308. The opticel sensing
system 302 may further include a detector 3144 configured to
measure an intensity of the sliced light 310a. The intensity of
the sliced light 3104 may be based on a difference between a
resonamt wavelength of the first resonator 306a and a resonant
wavelength of the second resonator 308. The difference
between a resonant wavelength of the first resonator 3064 and
a resonant wavelength of the second resonator 308 may be
based on the effective refractive index of the first resonator
306a.

[0095] Invarious embodiments, the difference between the
resonant wavelength of the first resonator 306a and the reso-
nant wavelength of the second resonator 308 may be based on
the resonant wavelength of the first resonator 306 and the
resonant wavelength of the second resonator 308. The reso-
nant wavelength of the first resonator 306a may be based on
the effective refractive index of the first resonator 306a.
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[0096] Invarious embodiments, the resonant wavelength of
the second resonator 308 may be adjustable to a current or
voltage applied to the second resonator 308.

[0097] The optical sensing system 302 may Jfurther include
one or more further second resonators 3085, 308, 3084 such
that the optical sensing system 302 includes a plurality of
second resonators 308a, 3085, 308, 3084. The plurality of
second resonators 308, 3085, 308¢, 3084 may be coupled to
the light separation element 304 such that each second reso-
nator of the plurality of secend resonators 3084, 3085, 308c,
3084 may be configured to receive one respective sliced light
of the plurality of sliced light 3104, 3105, 310c, 3104. For
instance, second resonator 308z may be coupled to the light
separation element 304 such that the second resonator 3084
may be configured to receive sliced light 310a, second reso-
nator 3085 may be coupled to the light separation element 304
such that the second resonator 3085 may be configured to
receive sliced light 3105, second resonator 308¢ may be
coupled to the light separation element 304 such that the
second resonator 308¢ may be configured to receive sliced
light 310c and second resonator 3084 may be coupled to the
light separation element 304 such that the second resonator
3084 may be confignred to receive sliced light 3104.

[0098] The optical sensing system 302 may further include
a plurality of channel waveguides 312a, 3125, 312¢, 3124.
One channel waveguide of the plurality of waveguides may be
coupled to each second resonator of the plurality of second
resonators 308a, 3085, 308¢, 3084. Channe] waveguide 3124
may be coupled to second resonator 3084, channel waveguide
3125 may be coupled o the second resonator 3085, channel
waveguide 312¢ may be coupled to the second resonator 308¢
and channel wavegnide 3124 may be coupled to the second
resonator 3084. One chiannel waveguide may beconfigured to
couple a respective sliced light from the wavelength separa-
tion element 304 to each second resonator. For instance,
channe] wavegnide 3124 may be configured to coupled sliced
light 310a from the wavelength separation element 304 {0
second resonator 308a, channel waveguide 3124 may be con-
figured to coupled sliced light 3105 from the wavelength
separation ¢lement 304 1o second resonater 3085, channel
waveguide 312¢ may be configured to coupled sliced light
310¢ from the wavelength separation element 304 to second
resonator 308¢ and channel waveguide 3124 may be config-
ured to coupled sliced light 3104 from the wavelength sepa-
ration element 304 to second resonator 3084,

[0099] Invarious embodiments, the optical sensing system
302 may also include one or more further first resonators
306b, 306c, 3064 such that the optical sensing system 302
includes a plurality of first resonators 306a, 3065, 306¢, 306d.
One respective first resonator of the phurality of first resona-
tors 308a, 3065, 306¢, 3064 may be coupled to each second
resonator such that the respective first resonator receives the
respective sliced light from each second resonator. For
instance, first resonator 306a may be coupled to second reso-
nator 308 such that the first resonator 306a receives sliced
light 3104 from second resonator 3084, first resonator 3065
may be coupled to second resonator 308 such that the first
resonator 3065 receives sliced light 3165 from second reso-
nator 3085, first resonator 306¢ may be coupled to second
resonator 308¢ such that the first resonator 306¢ receives
sliced light 310¢ from second resonator 308¢ and first reso-
nator 306« may be coupled to second resonator 3084 such that
the first resonator 3064 receives sliced light 3104 from second
rescnator 3084,
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[0100] The optical sensing system 302 may also include a
plurality of coupling waveguides 3182, 318b, 318¢, 3184.
One respective coupling waveguide of the plurality of cou-
pling waveguides 3184, 318b, 318c, 3184 may couple
between each second resonator and the respective {irst reso-
nator, Coupling wavegnide 3184 may couple between second
resonator 308 and first resonator 3064, coupling waveguide
318b may couple between second resonator 3084 and first
resonator 3065, coupling waveguide 318c may couple
between second resonator 308¢ and first resonator 306¢ and
coupling waveguide 3184 may couple between second reso-
nator 3084 and first resonator 3064. The respective coupling
waveguide may be configured to carry the respective sliced
light from each second resonator to the respective first reso-
nator. Coupling waveguide 3184 may be configured to carry
sliced light 310a from the second resonator 3084 to first
resonator 3064, coupling wavegnide 3185 may be configured
to carry sliced light 3105 from the second resonator 3085 to
first resonator 3065, coupling wavegvide 318¢ may be con-
fignred to carry sliced light 310¢ from the second resonator
308¢ 1o first resonator 306¢ and coupling waveguide 3184
may be confipured to carry sliced light 3104 from the second
resanator 3084 to first resonater 3064.

[0101] The optical sensing system 302 may also include
one or more detectors 3145, 314¢, 3144 such that the optical
sensing system 302 include a plurality of detectors 314a,
314b, 314c¢, 3144. In various embodiments, the optical sens-
ing systen1 302 may include a plurality of output waveguides
3164, 3165, 316¢, 3164. One respective ouiput waveguide of
the plurality of output waveguides 316a, 3165, 316¢, 3164
may be coupled to the respective first resonator. Output
waveguide 3162 may be coupled to the first resonator 3064,
output waveguide 3165 may be coupled to the first resonator
306b, ontput waveguide 316¢ may be coupled to the first
resenator 306¢ and output waveguide 3164 may be coupled to
the first resonator 3064. 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 confipured to carry sliced light 310a from the
first resonator 306a, output waveguide 3165 may be config-
ured to carry sliced light 3105 from the first resonator 3065,
output wavegnide 316¢ may be configured to carry sliced
light 310¢ from the first resonator 306¢ and output waveguide
3164 may be configured to carry sliced light 3104 from the
first resonator 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 1o receive sliced light 3104
from the output waveguide 316a, detector 3145 may be con-
figured to receive sliced light 3105 from the output waveguide
3165, detector 314¢ may be configured to receive sliced light
310¢ from the output waveguide 316¢ and detector 3144 may
be configured to receive sliced light 3104 from the output
waveguide 3164,

[0102] The respective detector may be configured to mea-
sure an intensity of the respective sliced light received from
the respective output wavegnide. Detector 314 may be con-
figured to measure an intensity of sliced light 3104 received
from output waveguide 316a, detector 3145 may be config-
ured to measure an intensity of sliced light 3105 received
from output waveguide 3165, detector 314c may be config-
ured to measure an intensity of sliced lght 310¢ received
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from output waveguide 316¢ and detector 3144 may be con-
figured to measure an intensity of sliced light 3104 received
from output waveguide 3164,

[0103] In various embodiments, the respective intensity of
the respective sliced light may be based on a respective dif-
ference between a respective resonant wavelength of the
respective first resonator and a respective resonant wave-
length 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
wavelengih of second resonator 3084, the intensity of sliced
light 3105 may be based on a difference between a resonant
wavelength of first resonator 3065 and a resonant wavelength
of second resonator 3085, the intensity of sliced light 310¢
may be based on a difference between a resonant wavelength
of first resonator 306¢ and a resonant wavelength of second
resanator 308¢ and the intensity of sliced light 3104 may be
based on a difference between a resonant wavelength of first
resonator 3064 and a resonant wavelength of second resona-
tor 3084,

[0104] The respective difference between the respective
resonanl 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 resonator. For instance, the difference
between the resonant wavelength of the first resonator 3064
and the resonant wavelength of the second resonator 308a
may be based on a respective effective refractive index of the
first resonator 306a, the difference between the resonant
wavelength of the first resonator 3065 and the resonant wave-
length of the second resonator 3085 may be based on arespec-
tive effective refractive index of the first resonator 3064, the
difference between the resonant wavelength of the first reso-
nator 306¢ and the resonant wavelength of the second reso-
nator 308¢ may be based on a respective effective refractive
index of the first resonator 306¢ and the difference between
the resonant wavelength of the first resonator 3064 and the
resonant wavelength of the second resonator 3084 may be
based on a respective effective refractive index of the first
resonator 3064,

[0105] 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 respec-
tive first resonator and the respective resonant wavelengih of
each second resonator. The respective resonant wavelength of
the respective first resonator may be based on a respective
effective refractive index of the respective first resonator.

[0106] The intensity of the respective sliced light may be
maxinmum when an oplical resonant wavelength of the respec-
tive first resonator and an optical resonant wavelength of each
second resonator are aligned. The intensity of sliced light
310a may be maximum when an optical resonant wavelength
of the first resonator 306a and an optical resonant wavelength
of fite second resonator 308« are aligned, the intensity of
sliced light 3105 may be maximum when an optical resonant
wavelength of the first resonator 3465 and an optical resonant
wavelength of the second resonator 3085 are aligned, the
intensity of sliced light 310¢ may be maxinm when an
optical resonant wavelength of the first resonator 306¢ and an
optical resonant wavelength of the second resonator 308¢ are
aligned and the intensity of sliced light 3104 may be maxi-
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mum when an optical resonant wavelength of the first reso-
nator 3064 and an optical resonant wavelength of the second
resonator 3084 are aligned.

[0107] An effective refractive index of each first resonator
may be changeable in response to change in a refractive index
of a cladding of the respective first resonator. The effective
refractive index of first resonator 3062 may be changeable in
response to a change in a refractive index of a cladding of the
first resonator 3064, the effective refractive index of first
resonator 3065 may be changeable in response 1o a change in
arefractive index of a cladding of the first resonator 3065, the
effective refractive index of first resonator 306c may be
changeable in response to a change in a refractive index of a
cladding of the first resonator 306¢ and the effective refractive
index of first resonator 3064 may be changeable in response
to a change in a refractive index of a cladding of the first
resonator 3064,

[6108] Theresonant wavelength of the respective first reso-
nator may change in response to the change in the effective
refractive index of the respective first resonator. The resonant
wavelength of the first resonator 3064 may change in
response to the change in the effective refractive index of the
first resonator 306a, the resonant wavelength of the first reso-
nator 30656 may change in response to the change in the
effective refractive index of the first resonator 3065, the reso-
nant wavelength of the first resonator 306¢c may change in
response to the change in the effective refractive index of the
first resonator 306¢ and the resonant wavelength of the first
resenator 3064 may change in response to the change in the
effective refractive index of the first resonator 3064,

[0109] Invarious embodiments, the optical sensing system
302 may include an optical broadband source 320. In various
embodiments, the broadband source 320 may be an amplified
spontaneous emission {ASE) light source or a super-lumines-
cent diode. Various embodiments may lower costs compared
1o using a high resolution tunable laser or multiple single
wavelength lasers.

[0110] The optical sensing system 302 may further include
an input wavegnide 322 coupling the optical broadband
source 320 to the [ight separation element 304.

[0111] FIG. 4A shows a design 400a of a portion of the
optical sensing system according to various embuodiments.
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 waveguides for coupling sliced light
{rom the concave grating 402. FIG. 4B is a scanning electron
microscopy (SEM) image 4005 of the waveguides 404, 406,
408, 410, 412 indicated in FIG. 4A according to various
embodiments. FIG. 4C is a SEM image 400¢ of a mode
converter 420 for coupling between a slab wavegnide and a
channel wavegnide according to various embodiments FIG.
4D is a SEM image 4004 of a concave grating with brapg
gratings 430 according to various embodiments. FIG. dE is a
SEM image 400e of the bragg pgratings 430. FIG. 4F is a SEM
image 400f of a microring resonator 440 with vnderlying
layer removed according to varions embodiments, FIG. 4G is
a SEM image 400¢ of a germanium (Ge) photodetector 450
accarding to various embodiments. FIG. 4H is an image
showing output light from the 4 waveguides 406, 408, 410
and 412, FIG. 41 is a graph 400 of transmission (dB) against
wavelength d(nm} of the four output lights in FIG. 4H. Wave-
form 406¢ is from waveguide 406, waveform 408« is from
waveguide 408, waveform 410a is from waveguide 410 and
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waveform 412a is from wavegnide 412. FIG. 4) is an image
400j of a portion of the optical sensing system showing
microring resonator 440 and the photodetector 450. FIG. 4K
is an image 4064 of three optical sensing systems fabricated
on a substrate.

[0112] FIG. 5A shows a schematic view 500a of an optical
sensing system 5004 according to various embodiments. The
optical sensing system 500z may include a sensing resonator
502 and a tracing resonator 504. The optical sensing system
500g 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
lipht, for example from a wideband or broadband source (not
shown). The input waveguide 508 is coupled to the sensing
resonator 502. The optical sensing system 5004 may further
include an output waveguide 510 coupled to the tracing reso-
nator 504, the output wavegnide 510 being configured to
output light received from the resonator the tracing resonator
504 to a detector (not shown). The optical sensing system or
tracing resonator 504 may further include a heater or thermal
heater 512 formed or arranged in proximity to supply 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
tesonator 502. The heater or thermal heater 512 may include
a pair of electrodes 514. The optical system 502 may include
three inpul ports and three outpui ports in order 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 o the tracing
resonator 504. A light may be provided to port 3 of the
waveguide 508 and the light from port 3' of the wavegunide 506
may be monitored to determine the *drop’ status of the sens-
ing resonator 502. A light may be provided to port 1 of the
waveguide 506 and the light from port 3' of waveguide 506
may be monitored to defermine 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 according to various embodiments. FIG. 5B
is an image 5005 of a sensing resonator 502 accerding to
various embodiments. FIG. 5C is an image 500c of a tracing
resonator 504 according to various embodiments. A prelimi-
nary demonstration has been carried out showing the electri-
cal tracing of the refractive index change. The refractive index
is varied through different pelymer periods. FIG. 5D is a
graph 5004 of aptical 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. 5E is a graph 500e of
electrical power (mW) against polymer period illustrating the
linear fitting of electrical power supplied (corresponding 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 500fof optical power
(normalized) against electrical power (W) 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 experinien-
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tal runs. FIG. 5H is a graph 5004 illustrating the difference in
electrical power (in pW) to obtain the same optical response
in different experimental runs.

[0113] FIG. 6A is a diagram 600a showing a portion of a
optical sensing system having a 8 channel arrayed waveguide
grating (AWG) 602 according fo various embodiments, The
optical sensing system may include a waveguide 604 for
coupling light from a broadband source te the AWG 602, The
optical sensing system may also include 8 waveguides 646 for
coupling sliced light from the AWG. FIG. 6B is a graph 6005
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.

[0114] 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 detectors of the optical sensing
system. The method may also include, in 706, placing a
sample in contact with the first resonator. The method may
additionally include, in 708, measuring @ change in an inten-
sity of the sliced lglit by the detector due to the sample being
placed in contact with the first resonator. The change in inten-
sity may be based on a 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, in 710, determining {he change in an effective refrac-
tive index of the [irs1 resonator based on the change in the
intensity of the sliced light.

[0115] Inother words, an input light may be separated into
a plurality of sliced lights. One of the sliced lights may be
coupled to one first resonator. The sliced light may be coupled
directly or indirectly to a first resonator. The sliced light may
ther coupled 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 mea-
stred hy the detector. The peaks detected by the detector may
be cansed by the interaction of a resonant wavelength of the
first resonator and a resonant wavelength of the second reso-
nator. As such, the change in infensity may vary as the reso-
nant wavelength of the first resonator shifts relative to the
resonant wavelength of the second resonator, The shift in the
resonant wavelengih of the first resonator may be due to a
change inthe 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 (hen be determined based on the change in
intensity of the sliced light.

[0116] The sliced light may have a range of wavelengths
that is a subset of the range of wavelengths 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.

[0117] Various embodiments may relate to determining an
effective index of a sample by adjusting the second resonator.
In various embodiments, the culput infensity may initially be
at the predefined value. The first resonafor is used to contact
a sample such as a chemical or biological sample. As a result,
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the intensity may change due to a change in the effective
refractive index of the first resonator. The change in effective
refractive index of the first resonator may be due to a change
in a refractive index of a cladding of the first resonator.
[0118] By adjusting the current or voltage applied to a
second resonator until the cutput 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 vsed to determine the change
in refractive index of the first resonator. Consequently, the
sample may be identified based on the change in refraciive
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 the intensity of the
sliced light (after placing the sample in contact with the first
resonator) by adjusting the voitage or current applied to the
second resonator such that the intensity is again at the pre-
defined valuve. The change in intensity of the sliced light may
be measured indirectly by measuring the voltage or current
applied to the second resonator such that the intensity of the
sliced light is again at the predefined value. The change in
refractive index may be determined based on the current or
voltage applied to the second resonator.

[0119] In various embodiments, the predefined value may
be a maximum intensity. The predefined value may corre-
spond when the wavelength of light coupled to the first reso-
nator is af the resonant wavelength of the first resonator and
the wavelength of the first resonator and the wavelength of
light coupled to the second resonator is at the resonant wave-
length of the second resonator. The first resonator and the
second resonator may be configured to have the same sepa-
ration between successive resonant wavelengihs,

[0120] Various embodiments may relate to detenmining an
effective index of a sample by determining the change in
resonant wavelength of the first resonator. In various embodi-
ments, the method may further include determining the dif-
ference berween the resonant wavelength of the first resonator
and the resonant wavelength ofthe second resonator 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 wave-
length of the first resonator and the resonant wavelength of the
second resonator.

[0121] Determining a change on the difference between the
resonant wavelength of the first resonator and the resonant
wavelenpth of the second resonator may include fixing the
resonant wavelength of the second resonator and determining
the change in resonant wavelength of the first resonator. The
change in resonant wavelength of the first resonator may be
determined based on the change in intensity of the sliced
light. In other words, the method may include fixing the
second resonator (1.e. keeping the voltage or current applied
to the second resonator constant), The method may include
determining the change in resonant wavelength of the first
resonator based on the change in intensity of the sliced light.
The change in the effective refractive of the first resonator
may be determined based on the change in resonant wave-
length of the first resonator. The determination in the change
in the effective refractive of the first resonator may be carried
out by a calcuation or by looking up a correlation table etc.
[0122] In various embodiments, the second resonafor may
be coupled between the first resonator and the detector. The
shiced light may be coupled from the first resonator to the
second resonator and from the second resonator to the detec-
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tor. In various embodiments, the first resonator may be
coupled between the second resonator and the detector. The
sliced light may be coupled from the second resonator to the
first rescnator and from the first resonator to the detector.

[0123]  In various embodiments, the second resonator may
be coupled between the light source and the light separation
element. The input light may be coupled to the second reso-
nator from the light source to the second resonator and from
the second resonator to the light separation element. A1 the
light separation element, the input light may be separated inte
a plurality 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.

[0124} In various embodiments, the sliced light may be
coupled to an input port of the first resonator. The sliced light
niay be outputted from the drop port of the first resonator.
Sinilarly, the sliced lght or input light may be coupled to an
input port of the second resonator. The sliced light or input
light may be outputted from the drop port of the second
resonator.

[0125] Various embodiments may apply to the optical sens-
ing system shown in FIG. 2A. In various embodiments, the
method may further include coupling a firrther sliced light of
the plurality of sliced lights though a further first resonator of
the plurality of first resonators to a further detector of a
plurality of detectors of the optical sensing system. Coupling
the further sliced light of the plurality of sliced lights through
a further first resonator of the plurality of first resonators to a
further detector of the plurality of further detectors may
inclide coupling the further sliced light to the further first
tesonator 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 first resonator of the plurality of first resonators to a
further detecior of the phirality of further detectors may
iclude coupling the further sliced light to an input port of the
further resonator and coupling the further sliced light from a
drop port of the further resonator to the detector.

[0126] Various embodiments may relate to detennining
change in one or more effective indexes of one or more first
resonators by using a reference sample. In various embodi-
ments, the method may include placing the further first reso-
nator 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 further intensity of the further sliced light by the
further detector due to the reference sample being placed in
contact with the further first resonator. Determining the
change in the effective refractive index of the first resonator
may be further based on the predetermined change in the
further effective refractive index and the change in the forther
intensity of the further sliced light by the further detector. In
other words, since the change in the further effective refrac-
tive index of the reference sample is already known, the
known 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 inten-
sity measured by the detector) to determine the refractive
index of the (test) sample. 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 1 determine the
respective refractive indexes of the other samples. In this
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manner, various embodiments may be used fo sense multiple
samples at the same time. Various embediments may be used
to sense multiple test samples using a reference sample.

[0127) Various embodiments may relate to determining a
change in a further effective index of a further first resonator
by adjusting the second resonator. In various embodiments,
the method may include coupling a further sliced light
through a further first resonator to a further detector. The
methed may also include placing a further sample in contact
with a further first resonator. The method may also include
measuring a further intensity by the further detector due to the
further sample being place in contact with the further first
resonator. 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
(afterplacing the sample in contact with the first rescnator) by
adjusting the voltage or current applied to the second resona-
tor such that the further intensity is again at the predefined
value. The change in the further refractive index may be
determined based on the current or voltage applied to the
second resonator.

[0128] Various embodiments may relate to determining a
further effective index of'a further sample by determining the
change in a resonant wavelength of a further first resonator. In
other various embodiments, the method may include cou-
pling 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 also include measuring a
change in 2 further intensity by the further detector due to the
further sample being placed in contact with the further first
resonator. The change in further intensity may be based on the
change in the difference between the resonant waveleng(h of
the further first resonator and the resonant wavelength of the
second resonator. The method may also include determining
a change in a furiher refractive index of the further first
resonator based on the change in a further intensity of the
further sliced light.

[0129] The method may include fixing the second resonator
(1.e. keeping the voltage or current applied to the second
resonator constant). The method may include determining (he
change in the resonant wavelength of the further first resona-
tor based on the change in further intensity of the further
sliced light. The change in the further effective refractive of
the further first rescnator 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 carried out by
calculation or by looking up a correlation table etc.

[0130] Invarious embodiments, the further sliced light may
have arange of wavelengths different from the range of wave-
lengths 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.

[0131] Various emhodiments miay apply to the optical sens-
ing system shown i FIG. 3. In various embodiments, the
method may further include coupling a further sliced light of
the plurality of sliced light to a further second resonator. The
method may also include further coupling the further sliced
light from the further second resonator through a further first
resonator of the plurality of first resonators to a further detec-
1or of a plurality of detectors of the optical sensing system.
The method may additionally include meastring a change in
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ntensity ofthe further sliced light by the further detector due
to a further sample being placed in contact with the further
first resonator.

[0132] Coupling the further sliced light from the further
secoud resonator through a further first resonator of the plu-
rality of first resonators 1o a further detector of a plurality of
detectors of the optical sensing system may include coupling
the further sliced light from the further second resonatortothe
further 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
input port of the further first resonator and from a drop perf of
the further first resonator to the further detector.

{0133] Coupling the further sliced light to the further sec-
ond resonator may include coupling the sliced light to an
input port of the further second resonator.

[0134] In various embodiments, the positions of the first
resonator and the second resonator may be interchangeable.
The positions of the further first resonator and the further
second resonator may be interchangeable. In other words, the
first resonator may be coupled between the second resonator
and the detector. The sliced light may be coupled to the first
resonator. The sliced light may be coupled from the first
resonator to the second resonator and from the second reso-
nator to the detector.

[0135] The method may further include coupling a further
sliced light of the plurality of sliced lights 1o the further first
resonator. The method may alse 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.

[0136] Various embodiments may relate to determining
one or more further effective refractive indexes of a sample or
further samples by determining the change in a resonant
wavelength of a first resonator or further first resonators. In
various embodiments, the method may include coupling a
sliced light or further respective sliced lights through a first
resonator or further respective first resonators to a detector or

" further 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
mayalsoinclnde measuring a change inan intensity or further
respective intensities by the detector or further respective
detectors due ta the sample or further respective sample 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 resonant wavelength or
respective resonant wavelength of the first resonator/further
respective first resonators and the resonant wavelength or
respective resonant wavelength of the second resonator/fur-
ther respective second resonators. The method may also
include determining a change in a further refractive index of
the first resonator/further respective first resonators based on
the change in a intensity/further respective intensity of the
sliced light/further respective sliced light,

[0137] The method may include fixing the second resona-
tor/further respective second resonators (i.e. keeping the volt-
age or current applied to the second resonator/respective for-
ther resonators constant). The method may include
determining the change in the rescnant wavelengih or respec-
tive resonant wavelengths of the first resonater/further
respective first resonators based on the change in the inten-
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sity/further respective intensity of the sliced light/further
respective 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 resonant
wavelengths of the first resonator/further respective first reso-
nators. 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 caleulation or by looking up a correlation table efc.

[0138] Various embediments may relate to determining
one or more effective refractive indexes of one or more
sample by adjusting one or more second resonators. In vari-
ous embodiments, the sliced light may include a wavelength
that is equal or near the resonant wavelength of the first
resonator. The second resonmator 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 con-
tact with a sample. The effective refractive index of the first
resonator may change in response to a refractive index of a
cladding, of the first resonator. The refractive index of the
cladding of the first resonator may change as a result of the
first resonator being brought inte contact with the sample.
The resonant wavelength of the first resonator may shift such
that the shifted resonant wavelength of the first resonator is
now 1o longer near or at the resonant wavelength of the
second resonator and the intensity of the sliced light mea-
sured by the detector decreases, In order to increase or maxi-
mize the intensity of the sliced light, the second resonator
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
coitcides with or is near the shifted resonant wavelength of
the first resonator.

[0339] Similarly, a furtker sliced light may include a wave-
length 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 wave-
length 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 furiher 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 may change as a
result of the further first resonator being brought into contact
with the further sample. The resonant wavelength of the fur-
ther first resonator may shift such that the shifted resonant
wavelength of the first resonator is now no longer near or at
the resonant wavelength of the fusther second resonator and
the intensity of the further sliced light measured by the further
detector decreases. In order te increase or maximize the inten-
sity of the further sliced light, the further second resonator
may be tuned via electro-optic or thermo-optic effect to shift
the resenant 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 further first resonator.

[0140] In other words, the method may also include defin-
ing one or more predefined values. The method may further
include measuring the change in the respective intensities of
the sliced light/further sliced lights (after placing the sample/

Sep. 24, 2015

further samples in contact witli the first resonator/further first
resonators) by adjusting the voltage or current applied to each
second resonator such that the respective intensities is again
at the predefined value or values. The change in the one or
more refractive indexes may 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.

[0141] As such, multiple samples may be sensed using the
optical sensing system 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
resonator, a second resonator and a detector. The positions of
the first resonator and the second resonator in each branch
may be interchangeable,

[0142] Whilethe inventionhas been particularly shownand
described with reference to specific embodiments, it shouid
be understood 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 there-
fore intended to be embraced.

1.-18. (canceled)

19. An optical sensing system, the optical sensing system

cowmprising;

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 o receive one
respective sliced light of the plurality of sliced lights,
wherein an effective refractive index of each first reso-
nator is changeable in response to a change in a refrac-
tive index of a cladding of the respective first resonator;

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 resonatorand the resonant wavelength of the at
least one second resonator is based on the effective
refractive index of each first resonator.

20. The optical sensing system according 10 ¢laim 19,

wherein the resonant wavelength of the second resonator is
adjustable lo a current or voltage applied to the second
resonator.

21. The optical sensing systeni according to claim 19,

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.

22. The optical sensing system according o claim 21, the

optical sensing system further comprising;
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a plurality of channel wavegnides, 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 sepa-
ration element and the respective first resonator.

23. The optical sensing system according 1o claim 21, 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 wavegnide configured to carry the
respective sliced light from each first resenator; and

wherein the respective detector is coupled to the respective
output waveguide; wherein the respective detector is
configured to receive (he respective sliced light from the
respective output waveguide.

24. The optical sensing system according to claim 21,

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 reso-
nant wavelength of the second resonator is based on a
respective effective refractive index of the respective
first resonator.

25. The optical sensing system according (o ¢laim 24,

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

26. The optical sensing system according to claim 21,

wherein the optical sensing system further comprises a
coupling waveguide coupling the second resonator and
the light separation element.

27. The optical sensing system according to claim 26, the

optical sensing system further comprising:

an optical broadband source; and

an input waveguide coupling the optical broadband source
to the second resonator.

28. The optical sensing system according to claim 19, the

optical sensing system further comprising:

one or more further second resonators such that the optical
sensing system comprises a plurality of second resona-
tors, 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.

29. The optical sensing system according to claim 28,

wherein one respective first resonater 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.

30. The optical sensing system according to claim 29, the

optical sensing system further comprising:

a plurality of coupling wavegnides;

wherein one respective cotipling wavegnide of the plurality
of coupling waveguides couples between each second
resonator and the respective first resonator, the respec-
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tive coupling waveguide configured to carry the respec-
tive sliced light from each second resonator to the
respective first resonator.

31. The optical sensing system according to claim 28, the
optical sensing system further comprising:

a plurality of cutput waveguides;

wherein enerespective output waveguide of the plurality of

output waveguides is coupled to the respective first reso-
nator, the respective output wavegnide 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 defector is
configured to receive the respective sliced light from the
respective output waveguide.

32. The optical sensing system according to claim 28,

wherein the respective intensity of the respective sliced

light is based on a respective difference between a
respeclive 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 reso-
nator is based on a respective effective refractive index
of the respective first resonator.

33. The optical sensing system according to claim 32,

wherein the respective effective refractive index of the

respective first resonator is changeable in response o a
change in a respective refractive index of a respective
cladding of the respective first resonator.

34. The optical sensing system according to claim 28, the
optical sensing system further comprising:

an optical broadband source; and

an input waveguide coupling the optical broadband source

to the light separation element.

35. The optical sensing system of claim 20,

wherein each second resonator comprises athermal 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.

36. 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 compris-
ing:

separating an input light into a plurality of sliced lighs,

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 cne 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 plarality of first
resonators to another detector of the plurality of detec-
tors of the optical sensing system;

placing a sample in contact with the one first resonator of

the plurality of first resonators;

placing a reference sample in contact with the another first

resonator of the plurality of first resonators;
measuring a change in an intensity of the one sliced light by
the one detector due to the sample being placed in con-
tact with the one first resonator of the plurality of first
resonators, the change in inlensity based on a change in
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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 & 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

determiining 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 another
sliced light, and a predetermined change in a further
effective refractive index of the another first resonator of
the plurality of first resonators.
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