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Analysis of Lossy Mode Resonance Sensing System Using
Measurement Uncertainty of Type A
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ABSTRACT

This paper for the first time presents the measurement uncertainty evaluation of type A for a lossy
mode resonance (LMR) sensing system. The LMR sensor consists of an Indium Tin Oxide (ITO) thin-
film coated on glass. The analysis of measurement uncertainty for the light source, the platform, and the
LMR senor is carried out. As a result, based on the condition of a 95% confidence level for the LMR
sensing system, the uncertainty of LMR wavelength of 0.43 nm was obtained and the uncertainty of
LMR transmission was shown to be 0.0289. The proposed methodology could be applied to other
sensing systems to improve the measurement precision and raise the confidence level.
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I. INTRODUCTION

Understanding environmental information is
necessary for the correct detection of essential
factors that may be classified into physical
parameters such as temperature, pressure,
humidity, and biological characteristics, which
are especially important for determining
concentrations of contaminants, cells, and
viruses[1]. Over the years, optical sensors have
become an attractive topic for researchers in
many applications due to their benefits such as
compact size, low weight, electromagnetic
protection, and high sensitivity. Thin-film
coating onto optical waveguides with metallic
materials has become a widely explored
technique in the field of sensors. The most well-
known phenomenon is Kretschmann structure-
based surface plasmon resonance (SPR), which
has been extensively studied because of its many
applications ranging from biomaterials inspection,
chemical detection, [2-4] and physical testing [5,
6].

Another widely studied optical sensing
system is based on the lossy mode resonance
(LMR) principle. Using the Kretschmann
structure, the metal layer in SPR is replaced with
a semiconductor film material of a specific
thickness. If the phase-matching condition is met
and the mode fields between the waveguide and
thin-film overlap a lot, the waveguide mode is
transmitted to the film material. A great energy
loss occurs and this phenomenon is called LMR
[7]. Compared with the SPR principle, LMR
materials are for materials whose real part of the
dielectric constant is positive and greater than the
imaginary part; and the real part of its dielectric
constant must also be greater than the ambient
dielectric constant. The sensitivity of LMR
elements can generally reach 4000-5000 nm/RIU,
which is equivalent to the best sensitivity of SPR,
but Francisco et al. once achieved sensitivity of
20,000 nm/RIU [8], far exceeding SPR. In
addition, the numbers of peaks and valleys are not
only one. As the thickness of the thin film
dielectric material increases, the number of peaks
and valleys increases accordingly. LMR is
different when testing external substances, and
the positions of its loss peaks and valleys move.
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Therefore, sensing of humidity [9], gas [10], acid,
alkali [11, 12], and biological materials [13-15]
has been carried out. Most of the current LMR
element structures use optical fibers as the light
guide substrate. Among the optical waveguide
materials, optical fibers have the advantages of
being light-weight, and anti-static, as well as
enabling multi-tasking, and anti-electromagnetic
interference. However, the diameter of glass
optical fibers is about 125 pm, which results in a
fragile structure. The length of about 1 meter,
called the leading fiber, must be reserved for
connecting during measurement or installation.
The process of coating and surface modification
of the entire fiber sensing element becomes more
difficult owing to the leading fiber. It is extremely
unfavorable for mass production. This is a big
problem for sensor production in the future.
Therefore, planar glass as a waveguide substrate
has been proposed to develop an LMR sensor to
detect different refractive indexes of the analyte
[16-18]. The planar structure offers a more robust
platform than optical fiber. Therefore, the slab
waveguide setup is easier to handle. Another
important advantage with the planar waveguide is
that it is possible to operate in a wide spectrum
with either TE or TM resonance. In addition, the
waveguide can be deposited on both sides,
making it easy to obtain a two-parameter sensor
or even a two-channel microfluidic system.

The LMR sensor is one of the sensing
technologies with great development potential in
the field of biomedicine. The problem in
biosensing is the standardization of measurement.
Because of the dynamic interaction of
biomolecules and the non-uniform distribution of
the analytes, the reaction can only reach an
equilibrium state, not a static state. This results in
great measurement uncertainty. The requirements
of precision and accuracy for the detection of
biomolecules are extremely high, and the
measurement error or uncertainty is relatively
important. However, in the current published
research literature about neither SPR nor LMR,
the measurement uncertainty has not been
discussed, even though it is very important.

Regarding measurement uncertainty, there
is an international standard [19] to be followed.
For a long time, error analysis has been a part of
measurement science or metrology practice, and



it is also a concept that most engineers apply.
Therefore, in the history of measurement
development, uncertainty as a quantifiable
concept is relatively new. It is now generally
recognized that when all known or suspicious
error components have been included in the
assessment scope and appropriate corrections
have been applied, there is still uncertainty
regarding the correctness of the results. The
measurement result represents the possible range
of the true values of the measured quantity. In
addition, in many industrial and commercial
applications, as well as in the field of health and
safety, it is usually necessary to provide a range
of measurement results that contains most of the
values that may be reasonably distributed.
Therefore, an ideal method for evaluating and
expressing measurement uncertainty must be
proposed in such intervals, especially intervals
with coverage probability or confidence levels.

In this paper, based on the specifications of
ISO/IEC GUIDE 98-3:2008(E)[19], the Type A
method is used to estimate the measurement
uncertainty of the proposed LMR sensing
platform. The second section explains the
manufacturing process of the LMR sensor and the
spectrum integration method. The third section
shows the measurement uncertainty of the optical
power intensity including for the light source and
platform, and finally the LMR sensing system.
The fourth section is the conclusion.

II. MATERIAL AND METHOD

2.1 Spectrum measurement

The setup of the light source stability
measurement system is shown on the top side of
Fig. 1. A halogen white light (AQ4303B, ANDO
Co. Ltd.) with 400~1800 nm wavelength worked
as the input source and an optical spectrometer
(USB 2000, Ocean Optics®) was used as the
receiver to measure the spectrum of the sensor.
An optical fiber patch-cord with an SMA
connector and an FC connector (QP600-1-UV-
VIS), which has a core diameter of 600 um, and
was purchased from Ocean Optics Co., was used
to link the light source and the spectrometer that
connect to the PC (personal computer) for
spectrum data acquisition. The spectrum was
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recorded every 5 seconds and the data acquisition
was repeated 20 times.

A schematic giving the details of the
experimental setup and the photograph of the
LMR sensor held with the alignment bulk
platform is also shown on the bottom side of Fig.
1. For easy self-alignment, the bulk platform was
designed in advance to fit all components, and the
optical axis was along the center of the LMR
sensor. An optical fiber patchcord with an FC
connector (M74L01) purchased from Thorlabs
Co. Ltd., which has a core/cladding diameter of
400/425 um and NA 0.39, was inserted into the
hole at the left side of the platform and the optical
fiber patchcord (QP600-1-UV-VIS) was inserted
into the right side for the spectrometer.

US82000+

Data acquisition PC¢
Spectrometer«’

/| i LMR sensor platform¢
<O o=7x o —

e =]

s s | Optical fiber

White light source«

Fig. 1. A schematic of the experimental setup for light
source spectrum and LMR sensor alignment
bulk platform

2.2 LMR sensor fabrication

LMRs are generated due to the guidance of
a mode in the nanocoating deposited on optical
glass waveguides. Before sputtering, all the soda-
lime glass sheets with 0.4 mm thickness, provided
by Liefco Optical Inc. (Taichung, Taiwan), were
pre-cleaned with acetone using purity wipes. The
glass sheets were used as the substrate in a sputter
coating process. The coating equipment was
supplied by [ZOVAC Co. The ITO target,
composed of 90% In,Oz and 10% SnO: with a
purity of 3N to 4N, was purchased from Summit
Tech. Co. Ltd. A detailed description of the
coating process can be referenced in [20]. After
sputtering, all the ITO glass sheets were cut into
30 X 30 mm square sizes. The thickness of the
ITO film was obtained at about 100 nm with an
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optical interferometer instrument.
2.3 Analyte material

The solutions with the different refractive
indexes used to characterize the refractive
response of the LMR sensor were prepared by
adjusting the concentration of glycerol in water
from 0% to 100% in steps of 20%. The glycerol
was obtained from Huaho Chemical Co.
(Taoyuan, Taiwan). The aqueous solutions were
prepared with ultrapure water (> 18.2 MQ-cm) by
the Milli-Q system (Burlington, MA, USA). The
refractive indices of samples were dropped on the
prism surface and read with a handheld
refractometer (R-5000, ATAGO Ltd. Co.).

2.4 Measurement of uncertainty in Type A

Based on section 4.2 in the documentation
of the uncertainty of measurement [19], the best
available estimate of the expected value of a
quantity ¢ that varies randomly is the mean or
average of the n observations for g, which is
denoted as q 1in eq.(1).

(M

The n independent observations qj are
obtained under the same conditions of
measurement. The individual observations qj
disturb measurements randomly owing to random
effects during measurement. The experimental
variance s? of the observations is denoted by

eq.(2)
s (@) = = X-1(q; — )? 2)

The terms s? estimates the variance 62 of the
probability distribution of ¢g. The positive square
root s(gx) is the experimental average standard
deviation used to characterize the variability of
the observed values q. The best estimate of the
variance of the mean is given by

—_ 1
q = ~Xk=14k

2

s2(@) = 3)
n

The experimental average standard

deviation of the mean s(q) is equal to the positive
square root of s%(q). The s(q) also quantifies how
well ¢ estimates the expectation of ¢ and is used
as a measure of the uncertainty of g. The physical
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mechanism is based on the power perturbation of
the light source, photoelectric conversion
efficiency, and thermal noise of electronic
instruments, which cause random effects of
measurement. The g, represents each optical
intensity for the light source measurement and is
the resonance wavelength for each LMR
measurement. The average standard deviation is
regarded as the average offset value from the
average for all the measurement results.

The standard uncertainty of y is denoted by
u(y) where y is the estimate of the measurand Y
and is the average standard deviation for the
result of measurement. The additional measure of
uncertainty provides an interval that can be
termed as expanded uncertainty, denoted by U.
The expanded uncertainty U is obtained by
multiplying the standard uncertainty u (y) by a
coverage factor k:

U=k-u(y) 4)

The result of a measurement is then
conveniently expressed as Y =y + U. It indicates
that the best estimate of the value related to the
measurand Y is y. In other words, the interval
fromy— U toy + U is expected to cover a large
fraction of the distribution of values attributed to
Y.

The confidence interval and confidence
level are two important terms with specific
definitions in statistics. They apply to the interval
defined by U. An expanded uncertainty with k is
intended and the interval y — kuc(y) to y + kuc(y)
has a specified level of confidence p associated
with the normal distribution. For a normal
distribution with expectation p and standard
deviation o, the interval p £ o (k=1) covers
approximately 66.27% of the distribution.
Furthermore, the interval p + 20 (k=2) and p + 30
(k=3) encompass approximately 95.45% and
99.73%, respectively. In the uncertainty
measurement estimation for the LMR sensor
platform, k=2 is applied because the 95%
confidence level is high enough to meet the
requirement for normal measurement.

III. RESULTS

3.1 Uncertainty for light source



The optical spectrum for the light source was
recorded from 600 nm to 1100 nm and the mean
(black square) and average standard deviation
(red circle) are shown in Fig. 2. Along with the
increase of the wavelength, the optical power
intensity increases from 0.37 uW to 0.71 uW and
then remains above 0.63 pW. The average
intensity is 0.61 uW. The highest value of
average standard deviation occurs at the
wavelength of 608.5 nm (7.70 x 10~* uW) and
the lowest value is at 1002.5 nm (1.92 x 10™*
uW). The average value is 4.13 X 10™* pW.
There is no obvious correlation between the
average standard deviation and the power
intensity. In other words, compared under
different wavelength conditions, the spectrum of
a light source with greater intensity will not
produce a greater average standard deviation.

1.0x10°

0.74
F8.0x10™
? 0.6 ’g“
2 Fe.oxio* 2
> =
_1% 0.54 =
5 Laoxio' G
£ 04 ==
F2.0x10"
0.3 T T T T T
600 700 800 900 1000 1100
Wavelength (nm)
Fig. 2. The optical spectrum of the light source where

the black squares represent the mean and the
red circles are the distribution of average
standard deviation

3.2 Uncertainty for the platform

During to the setting up for the LMR
platform in Fig. 1, the spectrum was read 20 times
for the surrounding air. The result is shown in Fig.
3. The maximum value of mean occurs at 675.5
nm ( 2.72X 1072 uW); the minimum value
occurs at 1050.0 nm (1.77 X 1072 uW); the
average value is 2.14 X 1072 uW. The highest
value of average standard deviation (3.84 x 10™*
pW) is obtained at 610.0 nm, the lowest value
(5.59 x 107> uW) is at 976.5 nm, and the
average value is at 1.72x 10™* uW. The
intensity of the light source drops significantly
after passing through the LMR sensor. Because
the LMR sensor is composed of soda-lime glass
coated with an ITO film, the light source was
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guided by an optical fiber and then coupled into
this glass waveguide. The second optical fiber
patchcord connecting to the output of the glass
waveguide guided the light into the spectrometer.
Some loss occurred during the light-guiding
process. The first was the coupling loss between
the optical fiber patchcord and the glass
waveguide. The second was the absorption of the
soda-lime glass. In the near infrared spectrum
from 680 nm to 1000 nm, the transmission of the
soda-lime glass decreased gradually [21]. The
third loss occurred because the long-wavelength
light cannot maintain total internal reflection
(TIR). With the dispersion curve of soda-lime
glass [22], the refractive index in the long-
wavelength spectrum gradually decreases, which
causes the refractive index of the waveguide layer
to approach that of the ITO film [23]. As a result,
it was difficult for TIR to occur and greater loss
happened, especially after the wavelength
exceeded 840 nm. All the above losses are
collectively referred to as component insertion
loss (IL), which is defined as eq.(5).

IL = 10 - log(o2laorm

Plight source

(3)

The Ppiatform and Pjigne source are relative
to the power intensity of LMR platform and light
source.

0.028

0.026 4

0.024 4

0.022 4

0.020 4

Intensity (uW)
Intenéity (u\:’V)

0018+
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Wavelength (nm)

T
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Fig. 3. The optical spectrum of the LMR platform
where the black square represents the mean
and the red circles are the distribution of
average standard deviation

The IL spectrum of the LMR sensor
platform is shown in Fig. 4. The /L for all
wavelengths is below -11.8 dB. The proportion of
short-wavelength loss is not high but the IL
gradually decreases from -11.8 dB (600 nm) to -
15.6 dB (840 nm). The /L stays at approximately
-15.5 dB after a wavelength greater than 840 nm.
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Such a descending curve is very similar to that in
Fig. 3. This is because ITO materials have greater
absorption for light greater than 840 nm.

Insertion loss (dB)

T T T T
700 800 900 1000

Wavelength (nm)

T
600 1100

Fig. 4. The IL spectrum of the LMR sensor platform

Another issue worth discussing is whether
the reduce of the average standard deviation for
the light source is correlated to the reduce of the
average light intensity. Therefore, the average
value and the average standard deviation of the
light source and the LMR platform are subtracted
separately to observe the decreasing range of the
average value, noted by diff. Mean, and the
decrease range of the average standard deviation,
noted by diff. Std. The result is shown in Fig. 5.
The spectrum for the reduce in the average value

(black square) is similar to that of the shape in Fig.

2, where the maximum value of 0.69 uW occurs
at 882.5 nm. Comparing to different wavelengths,
there is no positive correlation between the
reduce in the average standard deviation (red
circle) and the reduce in the average (black
square). Although the light intensity of LMR is
inherently much smaller than that of the light
source, the average standard deviation is only
slightly reduce and is independent of the reduce
in average light intensity.
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Fig. 5. The difference between the average value
(black square) and the average standard
deviation (red circle) of the light source and
the LMR platform
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Furthermore, the comparison of the average
standard deviation for the light source and the
platform is shown in Fig. 6. The average standard
deviation of the LMR platform is distributed from
1.0x10* uW to 4.0x10* uW and the average is
about 2.0 x 10* pW. The average standard
deviation of the light source is distributed from
2.0x10* uW to 8.0x10* uW and the average is
about 5.0x10™* uW. The former is about 0.4 times
the latter. However, the optical power intensity
reduced to 6.6% (maximum) and 2.8%
(minimum), with a median value of 4.7%. In
short, when the optical power intensity reduces
significantly to 4.7%, the average standard
deviation drops slightly to 40% (0.4 times).
Compared with the same wavelength, a stronger
light source intensity causes a larger average
standard deviation. However, according to the
measurement uncertainty ratio, defined as the
average standard deviation divided by the
average optical intensity (std./mean %), it is
observed that the stronger the light, the lower the
uncertainty ratio. For example, the uncertainty
ratios are 0.03% in Fig.2 and 0.8% in Fig.3. If the
average optical intensity is regarded as the signal,
and the average standard deviation is regarded as
the noise, the higher the signal-to-noise ratio, the
better the measurement quality.
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Fig. 6. The distribution of average standard deviation
relative to LMR platform (top) and Light
source (bottom)

3.3 Uncertainty for the LMR sensor

With different concentrations of glycerol
solutions from 0% to 100%, increasing by 20%
each time, the refractive indexes (RIs) were



measured as 1.3333, 1.3562, 1.3822, 1.4115,
1.4380, 1.4700, respectively. The definition of RI
is the ratio of the velocity of light in a vacuum to
its velocity in a specified medium. The
relationship between concentration and RI is
shown in Fig. 7. It can be found that the higher
the concentration of glycerol, the higher RI will
be. The linear fitting results give a slope of
0.00137 and intercept of 1.3297 with R? 0f 0.997,
as shown in the dash red line in Fig. 7. Because
the minimum scale of the refractometer is 0.001
RIU, the error can be set as +/-0.0005 RIU. The
data recorded at 80% is enlarged to show the error
bar of the refractive index, which is illustrated by
the inlet in Fig. 7.

1.48 4 E
1440 -
— 1439 d
9 - 5
T 144] 140 + SN
gt 1.437 5
x 5 =
A 9% 75 w0 81 B2 A
£ 1404 s
p i
> . “% y=0.00137x+1.3297
Adj. R-squr=0.997
g 1.36+ i P
‘D : » Refractive index
o . = =~ - Linear Fit of Refractive index
1.32 T T T T T T
0 20 40 60 80 100
Glycerol concentration (%)
Fig. 7. The correlation and linear fitting of glycerol

concentration and refractive index. The inlet
is the data of 80% with an error bar

The ITO glass sensor was put on the LMR
platform without dripping any substance. The
light intensity in the air, the initial power Py, was
recorded by the spectrometer. Then, the analyte,
solutions of different glycerol concentrations,
was dropped on the sensor and the light intensity,
the transmitted power, was recorded as P;. The P,
was normalized to Py to get the transmission. The
lowest transmission was the resonance point, and
the LMR wavelength could be obtained. The
measurement was repeated 10 times for each
analyte, with an interval of 30 seconds each time.
The total period of an analyte was 300 seconds.

The measured transmission spectra are
shown in Fig. 8. The points at which the curve
dips are the LMR wavelength. Upon increasing
the concentration of the glycerol solution, the
resonance wavelength shows a red-shift, which
means the LMR wavelength is getting longer.
The measurement results are consistent with
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other documents [8, 17, 18]. The mechanism of
red-shift is mainly that the higher the refractive
index of the analyte (n), the lower the equivalent
wavelength (A/n). Therefore, a longer wavelength
is required to achieve the conditions for LMR.
When wavelengths in the transmission spectrum
reach a certain length, a sharp loss of energy
occurs. The initial resonance wavelength is
881.95 nm for pure water; there is a red-shift to
960.75 nm for pure glycerol. The total shift in the
LMR wavelength is 78.80 nm. The transmission
also becomes lower and obvious, which decreases
from 0.7087 to 0.3558, according to the increase
in the RI of an analyte.

The measurement results of all LMR points
are organized in Table 1, where A, is the average
value of the LMR wavelength, and A is twice the
average standard deviation of A,; while T, is the
average value of the LMR transmission, and Txs
is twice the average standard deviation of T,. In
the uncertainty measurement estimation, the
expanded coefficient k=2 is applied, which
indicates the 95% confidence level for the LMR
sensor platform. In the case of RI 1.4380, both the
average LMR wavelength of 933.55 nm and the
average transmission of 0.4320 increase normally.
The uncertainties for the LMR wavelength of
0.18 nm and transmission of 0.0099 are the
lowest ones in the table. This could be a random
effect, which could be eliminated by more
measurements. To summarize the estimation in
more detail, the measurement uncertainty of
LMR wavelength and LMR transmission are
taken respectively to be 0.43 nm and 0.0289
under the confidence level of 95%, which
demonstrates the performance of the LMR senor
platform.
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0.7 4

081 —3m0

— 1.3560
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850 900 950 1000 1050 1100
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Fig. 8. The transmission spectra for glycerol solution
with RI from 1.3330 to 1.4700
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Table 1. Average and uncertainty of LMR

measurement
Analyte , hm) Aa(nm) T Tas
(R1)
1.3330 881.95 0.38 0.7087 0.0074
1.3560 886.45 0.23 0.6551 0.0289
1.3820 891.21 0.40 0.6266 0.0221
1.4125 910.25 0.43 0.5695 0.0205
1.4380 933.55 0.18 0.4230 0.0099
1.4700 960.75 0.22 0.3558 0.0128
IV. CONCLUSIONS

The measurement uncertainty evaluation of
Type A is applied for the sensing system of the
LMR sensor platform. The system consists of a
light source, an LMR sensor, two optical fiber
patchcords, and an optical spectrometer. The light
source, the LMR platform, and the LMR sensor
are experimentally evaluated utilizing the
specification  document of  measurement
uncertainty here. Comparing the different
wavelengths, the spectrum of a light source with
larger intensity will not produce a larger average
standard deviation. When comparing cases with
the same wavelengths, a light source with
stronger intensity will cause a larger average
standard deviation. The stronger the intensity of
the light, the lower the uncertainty ratio. The
performance of the LMR sensor platform is first
carried out by examining measurement
uncertainty. The LMR wavelength and the
transmission are 043 nm and 0.0289,
respectively, under the confidence level of 95%.
As far as we know, this is the first study on the
uncertainty measurement of LMR sensors.
Furthermore, the methodology of the LMR
sensing system opens the possibility to improve
the measurement precision and raise the
confidence level. The proposed estimation
method could be applied to express the
measurement results and confidence level
objectively and to solve the problem of dynamic
balance measurement for biomolecules.
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