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Graphical abstract 
 

 

Abstract 
 

The split-step Fourier technique is used to study the effect of temperature in triple stage 

microring resonating sensor (TSMRRS). The optical bright soliton beam is used as the probe 

pulse into the TSMRRS and the effect of temperature variations on various concentrations 

of glucose in deionize water is investigated. The detection of glucose is measured by 

intensity variations of output signals from through and drop ports of TSMRRS. The 

temperature variations cause an exact intensity reduction of glucose concentration in 

deionize water when the temperature increased by 1 oC. The performance of TSMRRS 

glucose sensor is improved for temperature range similar with standard room temperature 

which shows that TSMRRS is suitable candidate for chemical sensing application.   

 

Keywords: Optical sensor, optical soliton, temperature sensor, triple stage ring resonator  

 

Abstrak 
 

Teknik Fourier pisah-langkah yang digunakan untuk mengkaji kesan suhu pada tiga 

peringkat cincin mikro bergema penderia (TSMRRS). Optik pancaran soliton yang cerah 

digunakan sebagai denyutan probe ke dalam TSMRRS dan kesan perubahan suhu pada 

pelbagai kepekatan glukosa dalam air deionize disiasat. Pengesanan glukosa diukur 

dengan variasi keamatan isyarat keluaran dari menerusi dan liang penurunan TSMRRS. 

Variasi suhu menyebabkan pengurangan keamatan sebenar kepekatan glukosa dalam 

air deionize apabila suhu meningkat sebanyak 1 oC. Prestasi TSMRRS glukosa pengesan 

adalah lebih baik untuk julat suhu yang sama dengan suhu bilik piawai yang menunjukkan 

bahawa TSMRRS adalah calon yang sesuai untuk aplikasi penderiaan kimia. 

 

Kata kunci: Penderia optic, optik soliton, penderia suhu; tiga peringkat cincin mikro 
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1.0  INTRODUCTION 
 

Diabetes mellitus have two type; type I and type II. 

Type I diabetes or known as juvenile diabetes is a 

disease in which the patient body is inability to 

produce insulin [1]. Type II diabetes or known as adult 

diabetes is characterized as noninsulin dependent 

which the body still produce insulin but some part of 

cell body resistance to the hormone and fail to take 

up the glucose appropriately [1]. Both types I and II 

diabetes mellitus have a same acute effect; 

hypoglycemia which occur when the glucose level in 

blood is too low. This disease is too dangerous for the 

body because make the body feel weak which results 

shock and even coma and death. The prototype for 

measuring the correct amount of glucose 

concentration is required to control glucose level in 

drinking water for the hypoglycemia patients. 

Aforementioned research use many technique 

measurement based on optical method for monitoring 

glucose level in blood and one of them is the non-

invasive optical method with optical coherence 

tomography [2-4]. This method is much more safe 

compare with current ‘‘finger-stick’’ methods that 

avoid patient feel pain and increase patient 

compliance to control blood sugar levels. Other 

optical method for monitoring the glucose level such 

as opto-fluidic ring resonator is the combination of 

optical ring resonator architecture with microfluidics 

[5]. This method compensate the drawbacks of human 

interstitial fluid (ISF) that offer advantages of high 

sensitivity and low sample consumption without any 

extra sample delivery system. Although the microring 

resonator is very sensitive and small, unfortunately, the 

device sensitivity also disturbed by temperature. The 

change sensitively with temperature in glucose sensor 

is required to take account because it defect the 

device performance [6]. A continuous laser is the most 

popular source used by researchers and only focus on 

application for monitoring glucose in blood but neither 

use the pulse laser as an input source and develop an 

application for monitoring glucose level in drinking 

water for hypoglycemia patients. In this research, the 

input source is change from continuous laser to pulse 

laser and the core waveguide material is silicon with 

cladding of silicon dioxide. The microring resonator is 

designed vertically because to focus the detection 

only at ring. The triple stage microring resonating 

sensor (TSMRRS) is used to get a maximum detection 

for device. The objective are to develop the prototype 

theoretically and investigate the effect of temperature 

to the device sensor. 

 

 

2.0  THEORETICAL MODELING 
 

The input optical pulse used for this research is 

described as the bright soliton pulse in which popular 

for biosensor, switching, and slow light[7-10]. The pulse 

profile is based from [11], 

 

𝐸(𝑡) = √𝑃𝑜𝑠𝑒𝑐ℎ(𝑡 𝑇𝑜⁄ ) (1) 

where, the amplitude and pulse width is represented 

as √𝑃𝑜 and 𝑇𝑜 . The bright soliton pulse propagation 

within TSMRRS is governed by the modified nonlinear 

Schrödinger equation (NLSE) given by 

𝜕𝐸 𝜕𝑧⁄ + 𝑖 𝛽2 2⁄ . 𝜕2𝐸 𝜕𝑡2⁄ − 𝛽3 6.⁄ 𝜕3𝐸 𝜕𝑡3⁄ = 

𝑖𝛾𝑃𝑜𝐸 − 𝛼𝑇𝑃𝐴𝐸 2⁄ − 𝛼𝐹𝐶𝐴𝐸 2⁄ − 𝛼𝑙𝑖𝑛𝐸 2⁄ − 𝛼𝐺𝐸 2⁄  (2) 

where E, β2, β3, and γ represent the amplitude field, 

group velocity dispersion parameter, third-order 

dispersion, and nonlinear parameter. The third-order 

dispersion in equation (2) is considered negligible 

because this dispersion only cause a minor effect to 

the pulse [11, 12]. The terms αlin, αTPA, αFCA, and αG are 

the absorptions occur within silicon; linear propagation 

loss, free carrier absorption (FCA), two photon 

absorption (TPA), and glucose absorption (GA), 

respectively. TPA, GA and FCA can be modeled as 

𝛼𝑇𝑃𝐴 = 𝛾𝑛𝑐𝑜𝑟𝑒𝛽𝑇𝑃𝐴𝑃𝑜 𝑘𝑛2⁄  (3) 

𝛼𝐹𝐶𝐴 = 𝜎𝐹𝐶𝐴(𝑁𝑝ℎ𝑜𝑡𝑜𝑛 + 𝑁𝑡ℎ𝑒𝑟𝑚𝑎𝑙) (4) 

𝛼𝐺 = 4𝜋𝑛𝐺𝑅 𝜆⁄  (5) 

Here the terms σFCA, ncore, n2, Nphoton, Nthermal, and k are 

the FCA cross section, core refractive index, nonlinear 

refractive index, free-carrier density of photon, free-

carrier density of temperature, and vacuum 

propagation constant. The index ratio, nGR, is the ratio 

of glucose index, nG, over total index, ntot. The glucose 

and total refractive index is given by [13] 

𝑛𝐺 = 0.2015(𝐺 100%⁄ ) (6) 

𝑛𝑡𝑜𝑡 = 𝑛𝑐𝑜𝑟𝑒 + 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 (7) 

where the G, ncore, and ncladding are represented as the 

percentage of glucose concentration in deionize 

water, the core waveguide and the cladding 

waveguide. The total index here is refer to the total of 

core and cladding refractive index which pulse 

propagate along these indexes. The free-carrier 

density of photon is described as 

𝑁𝑝ℎ𝑜𝑡𝑜𝑛 = 𝛽𝑇𝑃𝐴𝑃𝑜
2𝜏𝑒𝑓𝑓 2ℎ𝑣𝑜𝐴𝑒𝑓𝑓⁄  (8) 

The terms, τeff, Aeff, Po, βTPA, and Nphoton represent the 

effective carrier recombination lifetime, effective 

mode area, pulse peak power, TPA coefficient, and 

photon carrier density. The term hνo is represented as 

the single photon energy. The free-carrier density of 

temperature is given by [14] 

𝑁𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = (𝑁𝑐𝑁𝑣)1 2⁄ 𝑒𝑥𝑝(−𝐸𝑔 2𝑘𝐵⁄ 𝑇𝑐ℎ𝑎𝑛𝑔𝑒) (9) 

where the operators Eg, kB, Tchange, Nc, and Nv are the 

silicon bandgap energy, Boltzmann constant, 

temperature change, effective density of states in the 

conduction and valence band, respectively. The 

temperature change is defined as the change of the 

temperature level upon core material which is given 

by[15] 

𝑇𝑐ℎ𝑎𝑛𝑔𝑒 = 𝑇𝑜 + ∆𝑇(𝑡) (10) 

The is represented as initial temperature and is the 

changing factor that depend on the size of 

waveguide width [16], 

∆𝑇(𝑡) = 𝑇𝑚𝑎𝑥(1 − 𝑒(−𝑡 𝜏𝑇⁄ )) (11) 

The Tmax and τT are the maximum temperature 

increase and thermal time constant is given by 
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𝜏𝑇 = 𝜌𝑆𝑖𝐶𝑆𝑖𝑊𝑐
2 𝜅𝑆𝑖𝜋2⁄  (12) 

The  ρSi, CSi, κSi, and Wc are the silicon cavity mass 

density, specific heat, thermal conductivity, and cavity 

width of sensing ring. The suitable method to solve 

NLSE is the split-step Fourier method (SSFM). The 

method is based on splitting the NLSE into two parts 

and describe the interplay between group-velocity 

dispersion (GVD) and self-phase modulation (SPM) 

when a single bright pulse propagate within 

waveguide. This method is valid to first order and start 

by splitting NLSE into two parts; dispersion and 

nonlinear part. The dispersion and nonlinear part is 

pretended to act independently when pulse 

propagate along medium. The step of propagation is 

shown with the dispersion part acts alone and after 

that the nonlinear part acts alone. The procedure of 

pulse propagation is repeated until the end of TSMRRS. 

 

 
3.0  RESULTS AND DISCUSSION 
 

The TSMRRS glucose sensing consists of vertically 

coupled microrings is ilustrated in Figure 1. A soliton 

pulse is fed into the input port of TSMRRS. The defect of 

sensing device on temperature is studied. The optical 

parameters that used in simulation are presented in 

Table 1. From Figure 2, the power reduction causes by 

changing in cladding refractive index (deionize 

water). The change in cladding index produced 

because the add-up of glucose concentration in 

deionize water. The add-up of glucose in deionize 

water is shown by measuring the ratio of glucose index  

and shows that the increase of ratio describe the 

increases of glucose concentration in the deionize 

water. Other effect of power reduction come from 

losses inside material. The losses is caused by the linear 

absorption, TPA, and FCA. The linear absorption is 

mostly causes by the surface roughness and leakage 

substrate of silicon [17]. The TPA is the absorption 

process that require two photons energy that larger 

than silicon band-gap energy to absorb by electron 

for excitation process from valence band to 

conduction band. The process is possible for near-

infrared wavelength at 1.55 µm because the total 

photons energy is larger than band-gap energy. The 

TPA creates electro-hole pair (EHP) in both band and 

generates additional loss due to photon absorption by 

electron for excitation process in conduction band. 

This process called FCA. Another effect of power 

reduction in TSMRRS is the temperature. The increasing 

of temperature effect the system performance by 

creating additional loss due to some electrons 

excitation from valence band to conduction band 

that giving rise to a concentration of electron in the 

conduction band. The rise of electron concentration in 

conduction band generate more FCA process that 

result a distortion to sensing performance. The lower 

temperature below standard room temperature (in this 

case the standard room temperature is 27 oC) amplify 

the pulse power that also create inaccuracy for 

detecting the glucose concentration. The pulse power 

is amplified from 64.84 nW into 91.45 nW when 

decrease temperature from 27 oC to 20 oC at through 

port. The result is same with drop port which the power 

is increased from 102 µW to 121.2 µW when decrease 

the temperature from 27 oC to 20 oC. 

 

 

 

 

 

Figure 1 Schematic diagram of vertical triple stage microring resonating sensor. The red arrow describe the pulse propagation 

along waveguide. The sensing part is showed at black dash box and the 1st , 2nd, 3rd, and 4th are represented as the number of 

coupling region in vertical triple stage microring resonating sensor 
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Figure 2 Effect of temperature in glucose sensing. The g is 

represented as the glucose concentration within deionize 

water. The fluctuation of temperature distort the accuracy 

to detect glucose solution within deionize water. The 

standard room temperature for this case is 27 oC 
 

 

The impact of temperature on the system is shown 

in Figure 3(a) and (b). The total transmission is come 

from an output at through and drop port. The 

transmission of each port is determined by decibel 

unit. The result shows that the power is depleted 

when increase temperature from 27oC to 37oC. 

Higher temperature also create more EHP and 

generate more FCA. The FCA produce more 

reduction of the pulse power and degrade the 

capability for sensing performance. The power 

reduction at 0% of glucose concentration at through 

port at increasing of 1oC is 0.216 dB. Similar results 

produce at drop port with reduce its power of 0.108 

dB when temperature increase of 1oC. This results of 

power reduction are same with 1% of glucose 

concentration. 

 

 
 
Figure 3 Total transmission against variation of temperature 

with (a) no glucose concentration and (b) 1% of glucose 

concentration within deionize water 

 

 

Table 1 Values of the parameters used for simulation of 

TSMRRS temperature effect in glucose sensing 

 

Parameter name Value Symbols 

Nonlinear index 6 × 10−18 m2 W⁄  [18] 𝑛2 

TPA coefficient 5 × 10−12 m W⁄  [11] 𝛽𝑇𝑃𝐴 

Wavelength 1.55μm 𝜆 

Effective mode 

area 
0.13 μm2 [19] 

𝐴𝑒𝑓𝑓 

Nonlinear 

coefficient 
187.0924 W−1 m⁄  

𝛾 

FCA cross section 1.45 × 10−21m2 [11] 𝜎𝐹𝐶𝐴 

Linear propagation 

loss 
22 dB m⁄  

𝛼𝑙𝑖𝑛 

Pulse width 10 ps 𝑡𝑜 

Waveguide length 10 mm 𝐿 

First, Second, & 

Third ring 
10 μm  

sec

,

,

&

first

ond

third

R

R

R

  

Group velocity 

dispersion 
−26.83 ps2mm−1 

𝛽2 

Input peak power 1 Watt 𝑃𝑜 

Core index 3.48 [20] 𝑛𝑐𝑜𝑟𝑒 

Cladding index 1.32 𝑛𝑐𝑙𝑎𝑑𝑑 

Coupling 

coefficient at 1st, 

2nd, 3rd, & 4th 

regions 

0.5 

1 2

3 4

, ,

,

 

 
  

Up, left, down, & 

right transmission 

coefficient 

0.5 
1 2

3 4

, ,

,

t t

t t
  

Silicon cavity mass 

density 
2.33 g cm3⁄  [16] 

𝜌𝑆𝑖 

Specific heat 0.7 J g. K⁄  [16] 𝐶𝑆𝑖 

Thermal 

conductivity 
1.3 J cm. s. K⁄  [16] 

𝜅𝑆𝑖 

Deionize water 

index 
1.3292 [13] claddingn   

 

 

4.0  CONCLUSION 
 

In summary, the temperature is enabling to defect 

the TSMRRS glucose sensor by measuring the power 

reduction at through and drop port. The accurate 

detection of glucose concentration in deionize water 

is distorted by the temperature based on power 

reduction at through and drop port that the losses 

are 0.216 dB and 0.108 dB when increase the 

temperature at 1oC. It is found that the effect of 

temperature defect the accuracy for measuring the 

changing in glucose concentration. The 

performance of TSMRRS glucose sensor is improved 

for temperature range similar with standard room 

temperature which shows that TSMRRS is suitable 

candidate for chemical sensing application.  

 

 

-5 -4 -3 -2 -1 0 1 2 3 4 5

20

40

60

80

100

120

normalized time

th
ro

u
g

h
 p

o
w

e
r 

(n
W

)

 

 

-5 -4 -3 -2 -1 0 1 2 3 4 5

20

40

60

80

100

120

140

normalized time

d
ro

p
 p

o
w

e
r 

( 
W

)

 

 

g = 0% at 27
o
C

g = 1% at 27
o
C

g = 1% at 20
o
C

g = 1% at 40
o
C

g = 0% at 27
o
C

g = 1% at 27
o
C

g = 1% at 20
o
C

g = 1% at 40
o
C

(b)

(a)

27 28 29 30 31 32 33 34 35 36 37
-3

-2

-1

0

T
ra

n
s
m

is
s
io

n to
t (

d
B

)

Temperature ( 
o
C)

 

 

27 28 29 30 31 32 33 34 35 36 37
-3

-2

-1

0

T
ra

n
s
m

is
s
io

n to
t (

d
B

)

Temperature ( 
o
C)

 

 

through port

drop port

through port

drop port

(b)

(a)

case of 1% glucose

case of 0% glucose



79                                Azam Mohamad et al. / Jurnal Teknologi (Sciences & Engineering) 76:13 (2015) 75–79 

 

 

Acknowledgement 
 

The authors would like to thank the Ministry Of Higher 

Education (MOHE) Malaysia, Laser Centre, Ibnu Sina 

ISIR, Universiti Teknologi Malaysia (UTM) and King 

Mongkut’s Institute of Technology (KMITL),Thailand for 

providing research facilities. This research works has 

been supported by Flagship Research Grant 00G39. 

 

 

References 
 

[1] McNichols, R. J. and G. L. Cote. 2000. Optical Glucose 

Sensing in Biological Fluids: An Overview. Journal of 

Biomedical Optics. 5(1): 5-16. 

[2] Zhang, Y. Q., H. J. Wei, H. Q. Yang, Y. H. He, G. Y. Wu, S. S. 

Xie, Z. G. Zhu, and R. Y. He. 2013.Noninvasive Blood 

Glucose Monitoring During Oral Intake of Different Sugars 

with Optical Coherence Tomography in Human Subjects. 

Journal of Biophotonics. 6(9): 699-707. 

[3] He, R. Y., H. J. Wei, H. M. Gu, Z. G. Zhu, Y. Q. Zhang, X. 

Guo, and T. T. Cai. 2012.Effects of Optical Clearing Agents 

on Noninvasive Blood Glucose Monitoring with Optical 

Coherence Tomography: A Pilot Study. Journal of 

Biomedical Optics. 17(10). 

[4] Larin, K. V., M. S. Eledrisi, M. Motamedi, and R. O. 

Esenaliev. 2002. Noninvasive Blood Glucose Monitoring 

With Optical Coherence Tomography - A Pilot Study in 

Human Subjects. Diabetes Care.  25(12): 2263-2267. 

[5] Luo, Y. H., X. L. Chen, M. Y. Xu, Z. Chen, and X. D. Fan. 

2014. Optofluidic Glucose Detection by Capillary-based 

Ring Resonators. Optics and Laser Technology. 56: 12-14. 

[6] Lee, H. S., G. D. Kim, and S. S. Lee. 2009.Temperature 

Compensated Refractometric Biosensor Exploiting Ring 

Resonators. Ieee Photonics Technology Letters. 21(16): 

1136-1138. 

[7] Bahadoran, M., A. F. A. Noorden, K. Chaudhary, F. S. 

Mohajer, M. S. Aziz, S. Hashim, J. Ali, and P. Yupapin. 2014. 

Modeling and Analysis of a Microresonating Biosensor for 

Detection of Salmonella Bacteria in Human Blood. Sensors.  

14(7): 12885-12899. 

[8] Bahadoran, M., A. Afroozeh, J. Ali, and P. P. Yupapin. 

2012. Slow Light Generation Using Microring Resonators For 

Optical Buffer Application. Optical Engineering. 51(4): 

044601-1-044601-8. 

[9] Aziz, M., S. Daud, M. Bahadoran, J. Ali, and P. P. Yupapin. 

2012. Light Pulse in a Modified Add-Drop Optical Filter for 

Optical Tweezers Generation. Journal of Nonlinear Optical 

Physics & Materials. 21(04). 

[10] Bahadoran, M., J. Ali, and P. P. Yupapin. 2013. Ultrafast all-

Optical Switching Using Signal Flow Graph for PANDA 

Resonator. Applied Optics. 52(12): 2866-2873. 

[11] Yin, L. H., Q. Lin, and G. P. Agrawal. 2006. Dispersion 

Tailoring and Soliton Propagation In Silicon Waveguides. 

Optics Letters. 31(9): 1295-1297. 

[12] Roy, S., S. K. Bhadra, and G. P. Agrawal. 2008. 

Femtosecond Pulse Propagation in Silicon Waveguides: 

Variational Approach and Its Advantages. Optics 

Communications. 281(23): 5889-5893. 

[13] Liang, X. P., Q. Z. Zhang, and H. B. Jiang. 2006. 

Quantitative Reconstruction of Refractive Index 

Distribution and Imaging of Glucose Concentration by 

Using Diffusing Light. Applied Optics. 45(32): 8360-8365. 

[14] Piprek, J. 2003. Semiconductor Optoelectronic Devices: 

Introduction to Physics and Simulation: Academic Press.  

[15] Azam Mohamad, M. B., Ahmad Fakhrurrazi Ahmad 

Noorden, Safwan Aziz, Kashif Chaudhary, Muhammad Arif 

Jalil, Jalil Ali, Chee Tiong Ong, and Preecha. P. Yupapin. 

2015. Modified Add-Drop Microring Resonator for 

Temperature Sensing. Journal of Computational and 

Theoretical Nanoscience. 12 (In press): 1-6. 

[16] Pruessner, M. W., T. H. Stievater, M. S. Ferraro, and W. S. 

Rabinovich. 2007. Thermo-optic Tuning and Switching in 

SOI Waveguide Fabry-Perot Microcavities. Optics Express.  

15(12): 7557-7563. 

[17] Abdollahi, S. and M. K. Moravvej-Farshi. 2009. Effects of 

Heat Induced by Two-Photon Absorption and Free-Carrier 

Absorption in Silicon-On-Insulator Nanowaveguides 

Operating as All-Optical Wavelength Converters. Applied 

Optics. 48(13): 2505-2514. 

[18] Tsang, H. K. and Y. Liu. 2008. Nonlinear Optical Properties 

of Silicon Waveguides. Semiconductor Science and 

Technology. 23(6). 

[19] Zhang, J. D., Q. Lin, G. Piredda, R. W. Boyd, G. P. Agrawal, 

and P. M. Fauchet. 2007. Optical Solitons in a Silicon 

Waveguide. Optics Express. 15(12): 7682-7688. 

[20] Manolatou, C. and M. Lipson. 2006. All-optical Silicon 

Modulators Based on Carrier Injection by Two-Photon 

Absorption. Journal of Lightwave Technology. 24(3): 1433-

1439. 
 
 

 

 

 


