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Abstract Article Info. 

In this study, the Single-Mode Fiber (SMF) was examined in a theoretical 

investigation of the impact of the medium on the two Whispering Gallery Mode 

Resonator (WGMR) models using MATLAB software. It was found that the Free 

Spectral Range (FSR) has an inverse relationship with the resonator radius, and it 

was equal to 0.33 THz. The low FSR value is caused by the big microsphere 

resonator. A high Q-factor is defined as 0.175 x 105. The resonance spectrum was 

found to diminish when the surrounding media's refractive index rose. The WGMR's 

evanescent field interacts with the external medium more strongly when the 

surrounding environment’s refractive index increases. The resonant modes' 

boundary conditions were altered by this interaction, which raises the modes' 

effective refractive index. The WGMR resonance frequency may also shift as a 

result of changes in the surrounding medium refractive index. To achieve high-

resolution sensing, the surrounding medium of the spherically shaped WGMR was 

altered at a step of 0.002 in the range of 1.33 to 1.35. As for the sensitivity value, a 

value of (-) 100.152 THz/RIU was obtained, which is considered a good value for 

use as a sensor. 
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1. Introduction 
 Optical Whispering Gallery Mode Resonators (WGMRs) have intrinsic benefits as 

sensing devices. WGMR sensors have a substantially smaller device footprint than 

interferometric sensors because the interferometric arm is "folded" into the roundtrip 

pass. Furthermore, high-finesse microcavities enable light to interact with the analytes or 

targets of interest millions of times due to light performing numerous round-trips in the 

same mode volume, thereby increasing the sensitivity of the sensors [1]. This results in a 

significantly lower device size. Furthermore, since the light performs numerous round 

excursions in the same volume of mode, that is why WGMR is one of the most important 

optical sensors, attracting many researchers due to its numerous uses [2]. They got their 

name from a phenomenon found in London’s St. Paul’s Cathedral. Because sound waves 

bounce off the gallery’s round wall one after the other, whispers can be heard inside the 

cathedral along the dome’s curved wall [3]. Optical WGMRs limit the light inside tiny 

buildings via total internal reflection phenomenon, with resonant light circling millions 

of times as sound does in St. Paul’s Cathedral [4]. The ultrahigh quality factor (Q), the 

comparatively tiny mode volume, and the variety of geometries and materials available 

for WGMRs have resulted in significant breakthroughs in the field of WGMR-based 

optical sensing [5]. Whispering Gallery Modes (WGMs) are patterns of electromagnetic 

waves (typically optical or microwave) that are trapped within circular or quasi-circular 

structures (such as spheres, disks, or toroid’s) and travel along their perimeter via total 

internal reflection [6].  
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WGMR's distinctive qualities include: High Q-factor: very good resonance quality 

(means less energy loss), high sensitivity to environmental changes (temperature, 

refractive index, etc.), wavelength selectivity: the ability to accurately discern between 

distinct wavelengths, small size: can be made at the micro- or even nano-scale. Both types 

of fiber as single-mode fiber (SMF) and multimode fiber (MMF) fiber (Single-

Mode/MultiMode/Single-Mode) (SMS) can be used [7]. A Single-Mode/Multi-

Mode/Single-Mode (SMS) fibers structure consists of a small segment of Multimode 

Fiber (MMF) spliced between two single-mode fibers. SMS structures are often referred 

to as fiber heterostructures, as they typically include a variety of fiber kinds [8]. SMF 

structures provide advantages, such as simplicity of manufacture, low cost, variable 

design, and high sensitivity, making them helpful for developing real-world sensors [9]. 

We discuss some previous research conducted on the topic of WGMR using SMF. 

 A previous study  focused on the design and development of a highly sensitive 

optical displacement sensor built on a U-shaped curved SMS (Single-Mode/MultiMode/ 

Single-Mode) optical fiber structure. The sensor measured fine displacements with a 

sensitivity of up to 34.46 nm/µm in a narrow displacement range.  A mathematical model 

was presented using MATLAB. WGMR was designed using SMF as delivery fiber of 

diameter 1 µm and resonator fiber with a spherical shape of radius 100 µm[10]. Studies 

have been done on an optical sensor that uses chemically etched single-mode optical 

fibers to detect surface plasmon resonance (SPR) events. They attained a sensitivity of up 

to 3800 nm/RIU in reflection mode, and 5100 nm/RIU in transmission mode. This falls 

within the refractive index range of 1.33 to 1.37 [11]. Another study investigated and 

analyzed optical WGMR in a silicon sphere with a radius of 500 micrometers.  The optical 

modes had high-quality factors, with a Q-factor of 10⁵ measured at 1472 nanometers [12].  

In this work, MATLAB was used to build a mathematical model to evaluate the 

performance of WGMR as a refractive index sensor by changing the medium surrounding 

the WGMR. 

 

2. The Mathematical Model 
In the frequency domains of electric and magnetic-optical fields, the two-dimensional 

system utilizes Maxwell's homogeneous equations E and H [13]: 

 

∇ × H − iωϵ0ϵ E = 0 , −∇ × E − iωμ0H = 0                                                             (𝟏) 
 
where the Eigen frequency is denoted by ω, the electric permittivity in a material by ϵ, 

and the magnetic permeability and electric permittivity in free space by  𝜖0 and 𝜇0, 

respectively. For the vacuum speed of light c, the stationary fields oscillate at ~𝑒𝑖𝜔𝑡in 

time with the real excitation frequency 𝜔 = 2𝜋𝑐 𝜆⁄ , which is determined by the 

wavelength 𝜆. 

Quality-Factor (𝑄𝐹) is a key factor in the explanation of photon temporal 

confinement and microresonators. The intracavity energy W exhibits exponential decline 

when light travels through microcavities [13]: 

 

W(t) = Wo e−t τ⁄                                                                                                                          (𝟐) 

 

where Wo and τ stand for the photon lifetime and starting energy, respectively. The 

quality-factor  QF is defined as the ratio of the intracavity stored energy to the energy loss 

rate [13]: 

QF = ωm  
W

−dW dt⁄
                                                                                                                        (𝟑)  
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where ωm is the resonance angular frequency. After one oscillation period 𝑇 = 1 𝑣⁄ , he 

energy turns into: 

 

W = WOe−1 τv⁄                                                                                                                               (𝟒) 

 

According to the definition of QF [14]: 

 

QF = 2π 
stored energy

energy loss per oscillation period 
= 2π

1

1 − e−1 τv⁄
                                      (𝟓) 

 

If the optical signal energy oscillates and decays as eiwte−t 2τ⁄  , then [1]: 

 

QF =  τw = 2πvτ =  2πcτ λ⁄                                                                                                   (𝟔) 

 

The losses in microresonators mainly come from radiation (1 Qrad⁄ ), material (1 Qmat⁄ ), 

surface and bulk scattering (1 Qsca⁄ ), and coupling (1 Qcoup⁄ ). These losses impact the 

mode linewidth and result in total Q given by [1, 13]:  

 
1

Q
=

1

Qrad
+

1

Qmat
+

1

Qsca
+

1

Qcoup
+ ⋯                                                                                 (𝟕) 

 

Radiation loss is greatest in small resonators and is related to microcavity size. 

Material absorption loss increases with resonator size, and the host medium starts to limit 

the microcavities. QF, given by Qabs = 2πn αλm⁄ , where n represents the resonator's 

refractive index. and α is the medium absorption coefficient. For instance, the ultimate 

material limited QF for a silica microsphere cavity is around 1010  [2, 14].  

Another basic parameter for describing the WGMR is the Free Spectral Range 

(FSR) which is defined as the distance between the two closest resonances, for not 

equidistant peaks FSR given by [15]: 

 

FSR (vm) =  vm+1 − vm                                                                                                            (𝟖) 

 

For equidistant peaks, assume nRRes. ≫ λm so FSR (vm) [15]: 

 

FSR (vm) =
c

nRRes.
                                                                                                                    (𝟗) 

 

The finesse F is defined as (FSR, the frequency difference between neighboring 

resonant peaks) and the mode FWHM (Full Width at Half Maximum) [16]: 

 

Finess =  
FSR

FWHM
=

Δλ

λ
=

Δv

v
                                                                                               (𝟏𝟎) 

 

The QF could be describe due to Finess as [16]: 

 

QF =  
2πnRRes.

λ
 Finess =  

2πnRRes.v

c
Finess                                                                    (𝟏𝟏) 
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When the length of the light route loop L equals the wavelength in the optical 

structure, the 𝑄𝐹 equals the finesse. If the resonance is created by many wavelengths in 

the light path loop length, then the 𝑄𝐹 is greater than the finesse. 

In this work, the MATLAB application was used to build the mathematical model 

for evaluating the performance of WGMR as a refractive index sensor. The parameters 

considered were the speed of light in vacuum equals 3 x 108 m/s and the laser frequency 

range 190-200 THz. The resonator was of spherical shape made from silica. The refractive 

index was set at 1.45. The resonator radius was chosen as 100 µm. The reason for 

selecting a large sphere radius is that it offers a high Q-factor. The delivery fiber was 

SMF made from silica and tapered to 1 µm to achieve optimum coupling with the 

resonator fiber. The final structure was a spherical-shaped WGMR. The surrounding 

medium of the WGMR was changed by applying liquids of different refractive indices 

(1.33-1.35). The Figure of Merit (FOM) is an essential parameter for evaluating optical 

sensor performance. A key contributor to the FOM of a sensor is its sensitivity (𝑆) [17]: 

 

S =  
Δλres

ΔRI
                                                                                                                                   (𝟏𝟐) 

 

where Δ𝜆𝑟𝑒𝑠 is the difference in resonance wavelength, and Δ𝑅𝐼 is the variation in 

surrounding refractive index. 

The FOM is a parameter that depends on the width of the resonance dip and how 

it is affected by the applied stimuli. Therefore, the FOM is defined [18, 19]: 

  

FOM =
S

FWHM
                                                                                                                        (𝟏𝟑) 

 

where FWHM is the Full Width at Half-Maximum of the resonance dip.  

Assuming that a 0.1 nm change in the position of a mode can be detected reliably, the 

sensor resolution is 𝑅𝐸𝑆 [20]: 

 

RES =  
0.1 nm

S
                                                                                                                          (𝟏𝟒) 

 

Finally, the degree of precision with which the angular position of the dip 

minimum in an SPR curve may be determined is known as Detection Accuracy (DA). 

The definition of the detection accuracy is expressed as [21]: 

 

DA (THz−1) =
1

FWHM
                                                                                                           (𝟏𝟓) 

 

The simulation model solves the characteristic equations governing the formation 

of WGMRs in a dielectric microsphere under whispering gallery conditions. The 

interaction between the guided mode in the tapered delivery fiber and the microsphere 

resonator was modelled using coupled-mode theory. To assess the sensor’s response to 

external refractive index changes, the surrounding medium of the resonator was varied 

across a range of refractive indices 1.332- 1.35 RIU, and the corresponding shifts in 

resonance frequencies were calculated. This approach allows the evaluation of the 

WGMR sensitivity as a Refractive Index (RI) sensor. 
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3. Results and Discussion 
The FSR and Q-Factor of the selective mode were analyzed and calculated using 

Eqs. (9) and (6), respectively, as it is clear in Fig.1. 

 

 

 
Figure 1: (a) FSR, and (b) Q-Factor of WGMR spectrum for a selected refractive index of 

1.332. 

 

The FSR was inversely related to the resonator radius and was calculated to be 

0.33 THz. The small value of FSR was due to the large microsphere resonator. The Q-

factor was 0.175 x105, which is considered high and good. The choice of resonator 

diameter plays a pivotal role in determining the spectral and confinement properties of 

WGMRs, particularly for sensing applications. The resonator radius of 100 µm is 
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considered a moderate range, which balances the advantages offered by smaller and larger 

resonators. Moderate-sized resonators provide a compromise between FSR and mode 

volume, making them versatile for sensing applications. According to Eq. (9), as the 

radius of the resonator increases, the optical path length for one complete round-trip of 

the mode increases, leading to a denser mode distribution in the frequency domain. 

Consequently, larger resonators exhibit smaller FSR values [15].  

The moderate diameters offer sufficient spectral spacing to differentiate adjacent 

modes while still supporting high Q-factors and efficient field confinement. This feature 

is critical in applications, such as biosensing and chemical sensing, where distinct 

resonance peaks are required for accurate measurements. Furthermore, the field 

confinement in moderate-sized resonators remains robust due to total internal reflection, 

resulting in reduced scattering losses compared to larger resonators. The mode volumes 

in this range are also sufficiently small to enhance light-matter interactions, a key factor 

for achieving high sensitivity in refractive index sensors [22]. 

The surrounding media of the designed spherical shape WGMR was changed in 

the range (1.332-1.35) with a step of 0.002 to get high-resolution sensing. The resonance 

spectra are illustrated in Fig 2. 

As illustrated in Fig. 2, it is observed that when the refractive index of the 

surrounding media increased, the resonance spectrum decreased, and the evanescent field 

of the WGMR interacted more intensely with the external medium. This interaction 

changes the boundary conditions for the resonant modes, leading to an increase in the 

effective refractive index of the modes. Variations in the surrounding medium refractive 

index can also induce shifts in the WGMR resonance frequency, in addition to changes 

in the resonator material's size and refractive index brought on by temperature changes 

[23], which agrees with Eq.(11). The evanescent field of the WGM extends beyond the 

resonator surface, interacting with the surrounding medium. An increase in refractive 

index reduces the phase velocity of the propagating mode, effectively increasing the 

effective refractive index, which leads to a reduction in frequency. Besides high Q-factor, 

WGMRs have a significant fraction of their mode energy in the evanescent field. Small 

changes in the surrounding refractive index cause a proportionate change in the effective 

refractive index, making the resonator highly sensitive to environmental perturbations 

[24]. The sensitivity of the designed WGMR was calculated from the linear relationship 

between the resonance frequency and changing of surrounding refractive indices [25], as 

shown in Fig.3,  where it was noticed that the higher the refractive index relative to the 

resonator, the lower the resonant frequency, i.e. an inverse relationship.  
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Figure 2: The resonance spectra for the spherical shape WGMR for (a) the whole range of 

refractive indices, and (b) the smallest (1.332 RIU) and the highest (1.35 RIU) refractive 

indices.  
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Figure 3: The relation between the resonance frequency and refractive index. 

 

The figure of merit of the designed sensor is given in Table 1. 

 
Table 1: The WGMR sensors parameters. 

Sensitivity 

(THz/RIU) 

Resolution 

(RIU) 

FOM 

(RIU-1) 
Q -Factor 

FSR 

(THz) 

 

Finess 
DA 

(THz-1) 

(-) 100.152 4-0.99X 10 899.838 50.175 x10 0.33 2.972 9.009 

According to Table 1, the sensor showed a high negative sensitivity, indicating a 

significant shift in resonance frequency per unit change in refractive index. The negative 

sign represents that the relationship between the resonance frequency and refractive index 

is inverse. Also, revised to a resolution of 10⁻⁴, the sensor can determine tiny changes in 

the refractive index, providing highly accurate detection of minute environmental 

changes. The high value of FOM reflects the efficiency of the sensor in delivering an 

effective resonance shift with minimal linewidth. The sensor’s high Q-factor represents 

low energy losses and strong resonance confinement, allowing prolonged interaction 

between light and the surrounding medium, which is necessary for enhanced sensitivity 

and selectivity. The measured Q-factor fell within a practically relevant and accepted 

range for functional sensing platforms supporting the feasibility of the proposed device 

and agrees with others work [26]. The good finesse value indicates a suitable balance 

between the sensor’s bandwidth and resonance sharpness, confirming precise frequency 

resolution and operational stability. Finally, the low detection limit shows the sensor’s 

ability to measure extremely small resonance shifts. These performance metrics 

collectively indicate that the designed WGMR-RI sensor proved to be a robust and 

efficient tool for high-sensitivity refractive index sensing, with probable applications in 

environmental monitoring, biomedical diagnostics, and chemical detection. Table 2 

illustrates a short comparison between the submitted work and others. 
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Table 2: Comparison with others works. 

Sensor 

Type 

Fabrication 

technique 

Dlivery 

fiber 

diameter 

Resonator 

Material and 

diameter 

Q-Factor Sensitivity Ref. 

Temperature silica 

microsphere 

into an 

embedded 

dual-core 

hollow fiber 

EDCHF 

SMF ,40 

µm 

Silica, 47 µm 35.54 x 10 25.5 pm/°C 

21.9 pm/°C 

[27] 

RI Etched 

SMF, 

Cylindrical 

Structure 

SMF 18 µm Silica, 122 

µm 

410 Sucrose 

liquid (-) 83 

nm/RIU 

Salty liquid 

(-)74 

nm/RIU 

[28] 

This work 

 

RI- sensor 

Simulation, 

Etched SMF 

Spherical 

structure 

SMF-1µm 

 

SMF-100 µm 

 

0.175 x 

105 

 

(-) 100.152 

THz/RIU 

 

This 

work 

 

4. Conclusions   
The presented study demonstrated the strong performance and versatility of the 

designed spherical WGMR. A notable advantage of this resonator configuration is its 

inherent tunability, wherein varying the microsphere diameter allows for precise control 

over key optical parameters, such as resonance frequency, quality factor, and free spectral 

range. Integrating an SMF as a delivery fiber mechanism enhances the overall system by 

enabling stable, efficient, and highly selective coupling to the resonator, thereby 

preserving sharp resonance features and achieving a high Q-factor. The developed SMF-

WGMR sensor exhibited excellent refractive index sensing capabilities, achieving a Q-

factor on the order of 10⁵, high sensitivity, and satisfactory resolution. These results 

highlight the potential of SMF-based spherical WGMRs in advanced optical sensing. 

Future work may explore alternative resonator geometries, materials, and coupling 

strategies to optimize performance further and expand application domains. 
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 لاستشعار عامل الانكسار عالي الحساسية رنانات أنماط الرواق الهامس نمذجة رياضية 

 
 3أسيل أبراهيم محمودو  1حيدر يحيى حمودو  1,2فرح عبد الكافي لازم

 ق  العرا ، بغداد، جامعة بغداد، كلية العلوم للبنات  ، قسم الفيزياء 1
 عراق ، جامعة الكرخ للعلوم، بغداد، الكلية العلوم  2 

 العراق  بغداد،   ، وزارة التعليم العالي والبحث العلمي ، هيئة البحث العلمي 3 
 
 

 الخلاصة 
  WGMR   رنانات أنماط الرواق الهامس  أحادية الوضع في بحث نظري لتأثير الوسط على نموذج  SMFفي هذه الدراسة، تم فحص ألياف 

  FSR. سبب انخفاض قيمة THz  0.33لها علاقة عكسية مع نصف قطر الرنان وتساوي    FSR. اكتشفنا أن  MATLABباستخدام برنامج  

. وُجد أن طيف الرنين يتضاءل عندما يرتفع  105×    0.175الجيد والعالي على أنه    Qهو مرنان الكرة الدقيقة الكبير. يتم تعريف عامل  

مع الوسط الخارجي بقوة أكبر عندما يرتفع معامل الانكسار للبيئة    WGMRمعامل الانكسار للوسط المحيط. يتفاعل المجال المتلاشي لـ  

بسبب هذا التفاعل، مما يرفع معامل الانكسار الفعال للأوضاع. قد يتغير تردد رنين    المحيطة. تتغير الظروف الحدودية للأوضاع الرنانة

WGMR   أيضًا نتيجة للتغيرات في معامل الانكسار للوسط المحيط. لتحقيق دقة استشعار عالية، يغُيّر الوسط المحيط بـWGMR   الكروي

،  RIUوحدة /زتيرا هرت  100.152(  -. أما بالنسبة لقيمة الحساسية، فقد توصلنا إلى قيمة )1.35إلى    1.333في نطاق    0.002الشكل بمقدار  

 وهي قيمة جيدة للاستخدام كمستشعر.
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