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Abstract: Photonic sensing technology is a new and accurate measurement technology for
bio-sensing applications. In this paper, a two-dimensional photonic crystal ring resonator based
sensor is proposed and designed to detect the glucose concentration in urine over the range of
0 gm/dI-15 gm/dl. The proposed sensor is consisted of two inverted “L” waveguides and a ring
resonator. If the glucose concentration in urine is varied, the refractive index of the urine is varied,
which in turn the output response of sensor will be varied. By having the aforementioned principle,
the glucose concentration in urine, glucose concentration in blood, albumin, urea, and bilirubin
concentration in urine are predicted. The size of the proposed sensor is about 11.4 umx11.4 um, and
the sensor can predict the result very accurately without any delay, hence, this attempt could be

implemented for medical applications.
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1. Introduction

After the invention of the optical sensor by Clark
and Lyons in 1962, optical sensing mechanisms
receive considerable attention in the areas of
industrial process control, military, environmental
monitoring, medical diagnostics, etc. Glucose
concentration is affected by the physical properties
of refractive index, specific gravity, surface tension,
and viscosity. Generally, glucose present in urine is
referred as “Glycosuria” [2] and normal range from
0Omg/dl to 15mg/dl. If the level is increased from the
normal range, it means high glucose level in blood.
Normal blood glucose level is between 165 mg/dl
and 180mg/dl. The level being too low is known as

“Hypoglycemia”, i.e. the range from less than
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40 mg/dl. High blood glucose level is known as
“Hyperglycemia” and ranges from 270 mg/dl to
360mg/dl [2]. It indicates as diabetes mellitus, liver,
and kidney related diseases [3-5].

According to the World Health Organization
(WHO), about 422 million people are affected by
diabetes in the year of 2014 [6]. The global
prevalence of diabetes among adults over 18 years
of age has risen from 4.7% in 1980 to 9% in 2015.
Diabetes prevalence has been rising more rapidly in
middle- and low-income countries. Diabetes is fast
gaining the status of a potential epidemic in India
with more than 62 million diabetic individuals
currently diagnosed with the disease. In 2000, India
(31.7 million) topped the world with the highest
number of people with diabetes mellitus followed by
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China (20.8 million) and the United States
(17.7 million) in the second and third place,
respectively. The prevalence of diabetes is predicted
to double globally from 171 million in 2000 to 366
million in 2030 with a maximum increase in India. It
is predicted that by 2030 diabetes mellitus may
afflict up to 79.4million individuals in India. Also
WHO noticed that diabetes is going to be the 7th
leading diseases in the world, of which diseases are
hardening of the arteries, heart disease, stroke,
kidney disease, blindness, infections and loss of toes,
feet, (or) fingers caused by poor circulation, and
infection [7]. One-fifth of the world population is
suffering from urine related problems [2].

The conventional prediction method monitors
the glucose concentration in urine or blood. The
pinpricking method is an invasive method for the
analysis of glucose concentration in blood. However,
it needs (Smg/dl to 15mg/dl) more blood samples
[8]. Fluorescent glucose biosensor measures the
concentration of glucose in diabetic patients and in
small molecules dyes [9]. Continuous glucose
monitoring method is used to measure the glucose
concentration in blood by using the glucose sensor.
The disposable sensor is placed under the skin
which is very painful [8]. Another method is using
test strips. In this method, the strip color is changed
according to the concentration of glucose in urine. It
is based on air borne or finger borne contamination.
So, the result is inaccurate [10]. It is highly possible
to get the accurate result with in the desired time
using the photonic crystals (PC) based sensor.

In 1987, Yablonovitch introduced PC [11]. The
photonic crystal is composed of periodic dielectric
or metallo-dielectric nanostructures that have
alternatively low and high dielectric constant
materials (refractive index) to affect the propagation
of electromagnetic waves inside the structure. PCs
have a unique optical property called photonic band
gap (PBG). Based on the variation of refractive
index in one, two, and three directions, PCs are
classified into three types namely one dimensional
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(1D), two dimensional (2D), and three dimensional
(3D) PC. In this paper, we consider a 2DPC because
it has a simple structure, small size, and high
confinement of light and more convenient when
compared with 1D and 3D photonic crystals. PC is
providing an accurate sensing platform because of
the strong confinement of light inside the device [12,
13]. Typically, PC is having PBG, which is entirely
broken by introducing either line defect or point
defect. By breaking the defects, PC based optical
devices, such as filter [14, 15], directional coupler
[16], demultiplexer [17, 18], triplexer [19, 20],
power splitter [21, 22], logic gates [23], switches [24,
25], electro-optical modulators [26, 27], add-drop
filter [28, 29], and sensors [30-41], were reported.

In the literature, PC/PCRR based sensors were
reported for bio sensing applications [30, 31],
salinity sensor for different temperatures [32],
[33],
applications [34, 35], pressure sensor [36], biosensor

chemical  sensor force/strain  sensor
to detect the glucose concentration in urine [5, 37,
38], aqueous environment [39], breast cancer [40],
cancer cell detection [41], pregnancy test, etc. In this
paper, a photonic crystal based biosensor is designed,
and sensing characteristics such as the Q factor,
resonant wavelength, and normalized output power
are estimated for albumin, bilirubin, urea, and
glucose in urine and also glucose concentration in
blood. Rsoft FullWAVE and BandSOLVE simulator
is employed to get band diagram and normalized
output power of the sensor.

The reminder of the paper is given as follows. In
Section 2, the sensing principle is discussed. The
design of biosensor using 2DPC in square lattice is
presented in Section 3. The obtained simulation
results are discussed in 4 Section. Finally, Section 5

concludes the paper.

2. Biosensor design

The proposed PC based glucose sensor is used to
detect the glucose, albumin, bilirubin, and urea
concentration in urine and blood. The biosensor is
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designed using 2DPC with circular rods in a square
lattice. PCs control the flow of light inside the
structure with the help of defects (point/line) which
can be employed for sensing application [42, 43].
The 21x21 lattice PC
considered for the biosensor design. The distance

square structure is

between the two nearest rods is 540 nm which is
termed as a lattice constant, and it is denoted by “a”.
The radius of the rod is 100nm. The refractive index
of the Si rod is 3.46, and it is surrounded by air. The
design parameter of the proposed sensor is listed in

Table 1.

Table 1 Design parameters of the proposed biosensor.

Parameters Values
Configuration Rod in air
Rod shape Circular
Lattice structure Cubic/square
Lattice constant 0.540 pm
Radius of the rod 0.1 um
Refractive index of the rod 3.46
Dielectric constant of Si rod 11.97

Figure 1(a) sketches the band diagram of the
structure without any defects, which usually gives
the range of transverse electric/transverse magnetic
(TE/TM) PBG and propagation modes inside the
periodic structure. There are two TM PBGs exist in
the structure which are indicated by blue color. As
TE PBG is not present in the structure, the TM
polarization is considered for this simulation. The
normalized frequency of the first reduced TM PBG
is observed from 0.435 a/A to 0.295 a/A whose
corresponding wavelength ranges from 1241 nm to
1830nm, and the second PBG is from 0.754 a/A to
0.732 a/A whose corresponding wavelength spans
from 716 nm to 737 nm. Out of these, the first
reduced TM PBG is considered for designing
biosensor as it covers the second and third windows
in the optical region. When the defects are
introduced in the structure, the PBG is broken, and
the guided modes are allowed to propagate inside
the PBG region as shown in Fig. 1(b). Both point
and line defects are employed for designing the
proposed sensor. The guided modes are regulated by
controlling the defect size and shape.
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Fig. 1 Band diagram for circular rods in 21x21 square lattice:
(a) without any defects and (b) with line and point defects.

The schematic representation of the proposed
sensor is shown in Fig.2. The proposed sensor is
consisted of two inverted “L” waveguides and a ring
resonator. The inverted “L” waveguide is created by
introducing line defects, and the ring resonator is
defects.
Generally, to remove a row/column of rods is line

designed by having both line/point
defects whereas to remove or change structural
parameters of a single rod is represented as point
defects. The radius of the rod, lattice constant, and
dielectric constant are the structural parameters. The
circular ring resonator is shaped by altering original
position of the rod [15]. The radii of the inner rod
and outer rod are 50nm and 100nm, respectively.
However, radius of the rod which is positioned top
and bottom of the ring resonator is 86 nm in order to
attain the higher output transmission. Figure3 shows
the 3D view of the proposed sensor which gives the
overall size of the device is about 11.4 um x11.4 um.
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Fig. 2 Schematic structure of proposed photonic crystal
based biosensor.
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Fig.3 3D view of the photonic crystal based biosensor.

3. Simulation results

The gaussian input is launched into the input
port, and the output signal is obtained at the output
port using power monitor. Typically, the signal is not
reached to the ring resonator at OFF resonance
condition. The signal from input “L” waveguide is
coupled to the ring resonator and reached the output
“L” waveguide through ring resonator at resonance.
The normalized output spectra of proposed sensor
are represented in Fig.4. The resonant wavelength,
output power, and Q factor of the proposed sensor
are 1545nm, 100%, and 257, respectively.

Figure 5 depicts the electric field distribution of
the proposed sensor at ON resonance and OFF
resonance. The input signal is reflected back to the
input port at OFF resonance (1300 nm), however, at
ON resonance (1545 nm), the input port signal is
coupled from inverted “L” waveguide to ring
resonator which in turn, outputs inverted “L”
waveguide.

Photonic Sensors
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Fig. 4 Normalized transmission spectra of the proposed
biosensor.

(b

Fig. 5 Field distribution of the propose sensor at (a) ON
resonance and (b) OFF resonance.

4. Results and discussion

The refractive index of the urine is varied, if the
glucose concentration presented in the urine is
varied. Generally, the effective refractive index of
the structure is varied in the PC based sensor, either
the output intensity will be varied or the resonant
wavelength will be shifted from its original position.
The intensity variation scheme is considered in this
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work. The glucose concentrations in urine and its

respective refractive indexes are listed in Table 2.

Table 2 Glucose concentration in urine and its refractive
index, resonant wavelength, normalized output power, and Q
factor of the proposed sensor.

Glucosg Refractive Resonant Normalized 0
concentration . wavelength output

in urine index [2] (nm) power factor

Normal

(0 mg/dl - 1.33540.001 1585 1 264

15 mg/dl)

0.625 gm/dl 1.336+0.001 1585 0.96 269
1.25 gm/dl 1.337+0.001 1585 0.92 260
2.5 gm/dl 1.338+0.001 1585 0.85 252

5 gm/dl 1.341+0.001 1585 0.55 217

Figure 6 depicts the normalized output spectra of
the proposed sensor for glucose concentration in
urine ranging from 0.625 gm/dl to 5 gm/dl. It is
investigated that the output power is decreased while
increasing the glucose concentration in urine. If the
glucose concentration in urine is increased, the
refractive index of the urine is increased; however,
in a PC based sensor, the output power is reduced.
The proposed sensor is followed the intensity
reduction while increasing the refractive index. The
resonant wavelength, O factor, and normalized
output power of the sensor for glucose concentration
in urine over the range from 0.625 gm/dl to 5 gm/dl/,
are reported in Table 2. The output spectra for
different
depicted in Fig. 7. At the normal condition, the

glucose concentrations in urine are
resonant wavelength, output power, and Q factor of
the sensor for predicting the glucose concentration
are 1545nm, 100%, and 256, respectively.

Figure 8 shows the normalized output spectra of
the sensor for different glucose concentrations in
blood. It is observed that the refractive index of the
blood is
concentration presented in the blood. The output

increased while increasing glucose
intensity is decreased for every increasing glucose
concentration in urine. The normalized output power
if the
concentration is increased. The cumulative dielectric

is decreased refractive index of the
strength of sensor is improved linearly while

increasing refractive index of the concentration,

hence, the intensity of the sensor is minimized. The
refractive index, resonant wavelength, O factor, and
normalized output power of the sensor for different
values of glucose concentration in blood are
reported in Table 3.
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Fig. 6 Normalized output power for different glucose
concentrations in urine.
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Fig. 8 Normalized output power for different albumin
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Table 3 Glucose concentration in blood and its refractive
index, resonant wavelength, normalized output power, and QO
factor of the proposed sensor.

Glucose . Resonant Normalized
. Refractive [
concentration ) wavelength output
. index [2] factor
in blood (nm) power
Normal
(165 mg/dl - 1.335 1585 1 264
180 mg/dl)
182 mg/dl 1.337 1585 0.9 260
205 mg/dl -
289 me/dl 1.338 1585 0.83 252
342 mg/dl 1.339 1585 0.75 269

Generally, four different components, namely
glucose, albumin, urea, and bilirubin, are presented
in urine. It is highly essential to maintain the
aforementioned concentration as its desired level.
Otherwise, the health will be affected. The health
issues while varying the glucose, albumin, urea, and
bilirubin concentration from the normal value are
listed in Table 4.

Table 4 Health issues for different glucose, albumin, urea,
and bilirubin concentrations present in urine.

Samples Normal Re.f ractive Health issues
range index
0 gm/dl- > Diabetes
Glucose 15 gmy/di 1.3354+0.001 < No issues
B > Kidney diseases
Albumin 46gm/;idll 1.335+0.002 < Liver diseases
gm like hepatitis
> Decrease blood flow of
Urea ?gognzsin 1.335+0.001 the kidney, heart diseases
g < Kidney diseases
Bilirubin  <1gm/dl 13350001  Jaundice, liver cancer
< No issues
1.0 7 Normal <
~4 0.625 gm/dl - ¥ B
508 4 125gm/dl < / \
3 ]
& 1 2.5gm/dl 7
foe] A
2001 \
3 ] N\
N
=04 1
e
Z .1 .
0.2 ‘\
: \4;
i b
0.0 =T | LA B B R s S S B
1.580 1.582 1.584 1.586 1.588 1.590
Wavelength (pm)
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bilirubin present in urine are shown in Figs. 8, 9, and
10, respectively. The concentrations of albumin, urea,
and bilirubin with corresponding refractive index,
resonant wavelength, normalized output power, and Q
factor are listed in Tables 5, 6, and 7, respectively.
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Fig. 10 Normalized output power for different bilirubin
concentrations in urine.

Table 5 Albumin concentration in urine and its refractive
index, resonant wavelength, normalized output power, and Q
factor of the proposed sensor.

Albumin Refractive Resonant Normalized 0
concentration . wavelength output
in uri index [2] factor
in urine (nm) power
7 mg/dl -
=+
1ol 1:33520.002 1585 1 264
250 mg/dl-
==
1000 mg/di 1.336+0.002 1585 0.95 269

Table 6 Urea concentration in urine and its refractive index,
resonant wavelength, normalized output power, and Q factor of
the proposed sensor.

Urea ' Refractive Resonant Normalized
concentration . wavelength output
A index [2] factor
n urine (nm) power
Normal
(60 gm/dl - 1.335+0.001 1585 1 264
100 gm/dl)
0.625 gnvdl 1.337+0.002 1585 0.98 260
1.25 gm/dl 1.338+0.002 1585 0.85 252
2.5 gmv/dl 1.339+40.001 1585 0.75 269

Table 7 Bilirubin concentration in urine and its refractive
index, resonant wavelength, normalized output power, and Q
factor of the proposed sensor.

Fig. 9 Normalized output power for different urea

concentrations in urine.

The normalized output spectra of the proposed
sensor for different values of albumin, urea, and

Bilirubin Refractive Resonant Normalized 0
concentration ) wavelength output
A index [2] factor
in urine (nm) power
Normal -
40 mg/di 1.335+0.001 1585 1 264

From the aforementioned simulation results, it is
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investigated that if the concentration of glucose,
albumin, urea, and bilirubin present in the urine is
increased, then the respective refractive index is
increased, and in turn output power of sensor is
decreased. By knowing the output power of the
sensor, the respective concentration will be
measured. The ultra-compact proposed sensor is
designed using 2DPC which requires very smaller
amount of samples to detect the concern parameters.
In addition, the proposed sensor will respond very
quickly, and the size is very small about
11.4 umx11.4 um. Hence, the proposed sensor will

be employed for bio sensing applications.

5. Conclusions

The two dimensional photonic crystal based

biosensor is designed for detecting glucose
concentration in urine, and its sensing characteristics
are analyzed. The sensor is designed using two
dimensional photonic crystals with the cubic lattice
of circular rod surrounded by air. The proposed
sensor is designed to operate over the wavelength
range between 1540nm and 1550nm. The sensor is
used to predict urea, albumin, bilirubin, and glucose
concentration in urine and glucose concentration in
blood. The size of the propose sensor is 11.4
pmx11.4 um. The proposed sensor performs better
than the reported conventional sensor for predicting
the glucose concentration in urine, hence, this sensor

will be incorporated for medical applications.
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provide a link to the Creative Commons license, and
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