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This simulation investigates optical feedback (self-mixing) in a single-longitudinal-mode laser 

cavity, which is crucial for a novel interrogation technique for a fiber Bragg grating (FBG)-

based temperature sensor. In essence, the article explores a new sensory system through an 

intriguing and attractive technique.  In this system, the signal used for sensing in the channel 

sent to the medium is inconvenient. It is susceptible, such that any slight change in medium 

temperature elicits a significant response in the back-reflected sensing signal. Accordingly, the 

sensing accuracy rapidly increases compared to traditional fiber sensors. The sensor system 

comprises a laser diode (DFB) integrated with a photodiode connected to an FBG for 

temperature measurement. The grating structure resonantly reflects a minor portion of the 

injected light wave and reenters the LD cavity. This study was performed within a weak 

feedback regime, with a measure feedback parameter: C = 0.2, along with a temperature range 

of 10 °C to 100 °C with incremental variations. The obtained results show a robust linear 

correlation between the center wavelength shift (𝜆�) and temperature fluctuations. The analysis 

results show a wavelength shift of 100 μm for every 10°C change. The resulting sensitivity is 

0.53 pm/°C. The results also show a bandwidth expansion to 11.4 GHz at 60 °C.  
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Introduction 

Self-mixing interferometry (SMI) occurs when a portion of a laser beam aimed at a distant target is backscattered, 

disturbing the internal optical field. Consequently, fluctuations in laser parameters, including laser wavelength and output 

optical power (OOP), emerge due to alterations to the optical path length between the laser and the distant target [1]. As an 

attractive indirect sensing technique, the self-mixing has drawn significant attention from researchers in the past few years 

due to its cost-effectiveness and flexibility in optical equilibrium. Numerous SMI-based sensing applications have been 

recorded [2], including measuring diverse metrological parameters, velocity, vibration, and displacement [3]. Unlike 

traditional interferometers based on Michelson's structure, this newly developed interferometer is much better because the 

interferometric signal is already in the laser beam and is not produced by the interference of two beams from separate 

paths. This means that the optical component that separates the reference path from the measurement path is unnecessary 

[4]. The target reflectivity significantly influences SM behavior. Fiber Bragg gratings (FBGs) can be utilized in SM systems 

as external reflectors. The SM model, typically constructed for single-cavity lasers with a reflective target, is nearly perfect 

at weak and extremely weak feedback conditions, where sensing devices perform. As the optical feedback (OFB) strength 

increases, the entire system becomes bistable in a modestly higher feedback domain and becomes more unstable as the 

feedback level goes up. In this case, the standard SM model doesn't work because the large back reflection causes chaotic 

activity inside the laser cavity [5], [6] ,[7]. The FBGs behave as transducers for various sensing applications due to their 

flexibility in both Λ (grating pitch) and 𝑛𝑒𝑓𝑓 (effective index of the grating). In response to external disturbances, such as 

the variations due to the temperature and external strains. Light propagates through the core of an optical fiber, which 

integrates a Bragg grating. The multiple reflections from this grating create a stable sensing mechanism [8], [9]. When the 

FBG is exposed to temperature or strain, it will experience a wavelength shift 𝜆�, enabling its "center wavelength" to shift to 

a lower or higher value. The direction and intensity of the change are proportional to the fluctuations in temperature or 

external strain [10], [11], [12]. A fiber Bragg grating with a Bragg wavelength of 1550 nm typically has a temperature 
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sensitivity of approximately 10 pm/°C and a strain sensitivity of 1 pm/μstrain, respectively 

[13],[14],[15],[16]. The sensing mechanism of an SMI system depends on the self-mixing effect of a 

laser. Like in Michelson interferometry, the laser intensity in an SMI system changes because of 

interference patterns formed when an electromagnetic wave inside the cavity interacts with an 

incoming electromagnetic wave that is sent back into the laser cavity, following external influences. 

The exterior tension (temperature or strain) changes the trajectory of light, generating an SMI signal 

[17],[18]. (OFB) A signal to a laser cavity may induce chaotic instability in the LD output. An optical 

feedback signal can reduce the balance of the laser medium's carrier–photon interaction, making the 

laser intensity unstable. Several nonlinear dynamical phenomena, including bistability, instabilities, 

and coherent collapse, are detected based on the strength of the (OFB) signal [19],[20].  

     This simulation presents a new method employing the self-mixing phenomenon to detect the center 

wavelength shifts due to changing temperature fluctuations in a fiber Bragg grating (FBG). The FBG is 

directly attached to a distributed feedback (DFB) LD setup that includes an optical spectrum analyzer 

(OSA), a photodiode (PD), and a power meter. The sensor layout is much optimized, with the laser 

diode performing as a transmitter and detector simultaneously. 

 

Theoretical Analysis 

A typical SMI system comprises an LD, a photodiode (PD), and a target (mirror, lens, etc.). The target 

offers an external cavity for the laser, and when it moves across the light beam, the photodetector on 

the back of the LD may detect and evaluate a change in the laser power that is released. An SMI 

signal, which offers details about the flexibility of the target and the SL itself, has been identified from 

this modulated power. As seen in Fig. 1 [21], the SMI model often evolved from the traditional three-

mirror model, which included the target reflection coefficient 𝑟3, in addition to the facet reflection 

coefficients 𝑟1 and 𝑟2. 

 

Fig. 1: Typical self-mixing configuration regarding an LD. 

A comprehensive investigation of the (LD) with OFB can be conducted employing the equations first 

derived by Lang and Kobayashi [22],[19],[23] that indicates the association between the amplitude of 

the electric field 𝐸0(𝑡), and optical phases ∅(𝑡), carrier density in the active layer 𝑁(𝑡): 

𝑑𝐸𝑜(𝑡)

𝑑𝑡
=
1

2
[𝐺𝑁(𝑁(𝑡) − 𝑁𝑂) − 1/𝜏𝑃]𝐸𝑂(𝑡) +

𝐾

𝜏𝐿
𝐸𝑂(𝑡 − 𝜏) × cos[𝜔𝑜𝜏 + ∅(𝑡) − ∅(𝑡 − 𝜏)]…… . (1) 

𝑑∅(𝑡)

𝑑𝑡
=
𝛼

2
𝐺𝑁[𝑁(𝑡) − 𝑁𝑇] −

𝐾

𝜏𝐿

𝐸0(𝑡 − 𝜏)

𝐸𝑜(𝑡)
sin[𝜔𝑜𝜏 + ∅(𝑡) − ∅(𝑡 − 𝜏)]… . (2) 

𝑑𝑁(𝑡)

𝑑𝑡
= 𝑅𝑃 −

𝑁(𝑡)

𝜏𝑠
− 𝐺𝑁[𝑁(𝑡) − 𝑁0]𝐸𝑂

2(𝑡)…… . (3) 

where: 𝑁𝑇�is the threshold carrier density, 𝜏𝐿�is the intracavity round-trip time, 𝑁𝑂 is the carrier density 

at transparency, 𝐺𝑁 is the modal gain, 𝐸𝑂
2(𝑡)�is the photon density in the laser cavity, 𝛼 is the linewidth 

enhancement factor, 𝜏𝑠�the carrier lifetime, 𝜏 is the external cavity round-trip time, 𝜏𝑠�the carrier 

lifetime, 𝜏𝑃�the photon lifetime, 𝜔𝑜 is the angular frequency of LDs, 𝐾�is the feedback parameter, 𝑅𝑃 

the electric pumping term. In the OptiSystem 21 software, a theoretical model using a spatially 

averaged multimode method is included in the DFB laser icon [24]. The final set of coupled first-order 
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differential equations is numerically integrated using a Runge–Kutta technique using values from 

Table 1[25]. 

 

Table 1. Parameters for numerical analysis of free-running laser diodes. 

Laser Parameter Symbol Value 

emission wavelength 𝜆 1550 nm 

differential gain 

coefficient 
𝜎𝑔 1 × 10−16𝑐𝑚2 

group velocity 𝑣𝑔 8.5 × 109
𝑐𝑚

𝑠
 

active layer volume 𝑉 1.8 × 10−10𝑐𝑚3 

linewidth enhancement 

factor 
𝛼 5 

carrier lifetime 𝜏𝑠 1.86 × 10−9𝑠 

      

Back-reflected light interferes with the cavity's existing light due to the optical delayed feedback. The 

emitted power fluctuates as the pump current remains constant, influenced by the phase and delay of 

the back-reflected light, which affects the LD threshold condition. Any change in the threshold means 

that the actual LD carrier density is adjusted; as a result, the wavelength emitted by the LD 

experiencing back-reflections is also changed a little. The self-mixing effect includes a variation in 

carrier density, with its characteristic time typically comparable to the carrier lifetime, specifically in 

the sub-nanosecond range [26]. Finding an analytical steady-state solution useful for sensing 

applications is straightforward and offers the basic formula for the power emitted by the LD as follows 

[27]:  

𝑃(∅) = 𝑃0[1 + 𝑚� cos ∅𝐹]��…… (4) 

∅𝐹 =�∅𝑂 − 𝐶� sin(∅𝐹 + 𝑎𝑟𝑐𝑡𝑎𝑛𝛼)…… (5) 

Eq. 4 is the SMI system's power equation, where 𝑃0 is the power released by the unperturbed LD, and 

m is the modulation index. The phase equation of the SMI is shown in Eq. 5, where C refers to the 

optical feedback intensity factor and α indicates the LD linewidth enhancement factor. The phase 

signals of the laser without optical feedback are represented by ∅𝑂. Factor C, often known as the 

feedback parameter, is an essential variable for SMI systems that describes SMI signals. The C 

parameter plays an important role because it uses the following inequalities to differentiate between 

various feedback regimes [28],[29]. 

𝐶 =
𝑘𝑠√1 + 𝛼2

𝐿𝑙𝑎𝑠𝑛𝑙𝑎𝑠
����…���… . (6) 

where 𝐿𝑙𝑎𝑠 is the LD cavity length, α is the LD linewidth enhancement factor, 𝑛𝑙𝑎𝑠 is the cavity 

refractive index, and κ is given by: 𝑘 =
𝜀

√𝐴

1−𝑅2

√𝑅2
 , where  A is the total optical power attenuation in the 

external cavity, and 𝜀 ≤ 1 accounts for a mismatch between the reflected and the lasing modes, and R2 

is the LD output facet power reflectivity.  

𝐶 ≪ 1�� → 𝑣𝑒𝑟𝑦�𝑤𝑒𝑎𝑘�𝑂𝐹𝐵
0.1 < 𝐶 < 1��� → ���𝑤𝑒𝑎𝑘�𝑂𝐹𝐵

1 < 𝐶 < 4.6��� → ���𝑚𝑜𝑑𝑒𝑟𝑎𝑡𝑒�𝑂𝐹𝐵
𝐶 > 4.6���� → ����𝑠𝑡𝑟𝑜𝑛𝑔�𝑂𝐹𝐵

}���…��… (7) 

Regime I (weak feedback): Limited influence and weak feedback.  The electric field amplitude's 

feedback level is less than 0.01%. Depending on the feedback percentage, the laser oscillation's 

linewidth can either become wide or narrow. Regime II: Minor, yet significant impacts. The feedback 

level is under 0.1%. The generation of exterior modes induces mode mixing between external and 



Khalaf and Hemed, MJPAS, Vol. 4, No. 3, 2026 

 
 

107 

 

internal patterns. Regime III: This is a limited region with a feedback level of approximately 0.1%. By 

reducing the mode-hopping noise, the laser can oscillate with a small linewidth. Regime IV: This 

regime is distinguished by a moderate feedback level of approximately 1%.  

When the relaxation oscillation is undamped, the laser linewidth significantly widens. The laser 

behaves chaotically and alternates between unstable oscillations and a condition of coherence-collapse. 

The noise rate grows substantially in this kind of circumstance. Regime V: This strong feedback 

regime is characterized by a higher than 10% feedback level. The internal and external cavities operate 

as one cavity, leaving the laser oscillating in a singular pattern. The laser linewidth is significantly 

reduced [19],[30].  

 

Simulation Set-up  

Following the above theoretical model, a theoretical structure has been established to clarify the effect 

of temperature on the sensitivity of self-mixing interferometry (SMI). To realize the SM principle for 

this theoretical simulation, two cavities, internal (laser cavity) and external (FBG), must be 

established. When optical feedback is used, the light that leaves the laser is reflected by an external 

reflector, which in this case is an FBG, and then travels back along the same optical path to the laser 

cavity. Modulation of the laser's inner light by the feedback light conveying the external cavity's 

information, that constructed from FBG and a virtual inner laser cavity, causing changes in the laser's 

amplitude, phase, polarization, and other properties. In this study, the phase change resulting from the 

temperature effect was relied upon as an external disturbance. The experimental setup is illustrated 

schematically in Fig. 2. There are two twin (identical) DFBL devices similar in all operating 

parameters, in addition to the device model in software. Duplication is to overcome limitations 

presented in the Optisystem 21 software when subjecting LD to self-mixing. A portion of an optical 

signal generated by the LD (DFB1) is routed to an optical power meter and an optical spectrum 

analyzer (OSA) to measure the free-running optical power of the LD. The optical signal arrives at the 

FBG, which is exposed to temperatures between (10 – 100) °C. Due to the unique spectrum reflection 

characteristics of the FBG, the feedback to the DFB is 0.99. Wavelength shifts in the back reflection 

were monitored using an optical spectrum analyzer, while the RF signals for both were analyzed with 

RF spectrum analyzers utilizing two avalanche photodetectors (APDs). MSOs have been used for 

monitoring the output oscillations. Free-running laser dynamics is initially reported to function at a 

constant wavelength of 𝜆� = 1550 nm and a virtual laboratory temperature of T = 25 °C.  
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Fig. 2 Simulation configuration set-up for (SMI) using FBG. 

 

Results and Discussion 

Initially, the spectrum and properties of the free-running DFB, including the light-current (L-I) curve, 

are studied. Fig. 3 (A, B, C, D) illustrates the dynamics of a free-running DFB laser, which involves an 

optical spectrum analyzer (OSA), radio frequency (RF), time series, and phase space spectra, 

respectively. After considering self-mixing and temperature effects, this will be compared to the laser 

behavior. The OSA spectrum indicates that the laser exhibits an extended and broadened spectrum at 

1550 nm, corresponding to a frequency of 5.8 GHz, with peak power amplitudes of 35.102 µW. Figure 

3E presents the (L-I curve) of the solitary DFB LD at a temperature of 25°C and a wavelength of 𝜆� = 

1550 nm. The figure shows that the DFB threshold current (𝐼𝑡ℎ) is 17 mA. Below the threshold current, 

the output optical power exhibits a nearly linear increase with the input current before attaining the 

saturation region.   

The primary focus of the self-mixing investigation is to treat the external target as a third mirror 

(FBG). By redirecting the laser into the resonant cavity, this reflective mirror changes the optical field 

within the laser cavity by affecting the reflectivity of the laser output mirror. Understanding the 

strength of the reflected feedback from the FBG to the laser cavity is crucial, as it interacts with the 

laser cavity modes. This is accomplished using Equation (6). By varying the temperature of the FBG 

and calculating the C value for each degree, it was found that C = 0.2, indicating that the self-mixing 

interference (SMI) operates in a weak feedback regime. Choosing the weak feedback was inevitable 

because using the FBG weakness, the back-reflected signal, and thus it is an important limitation for 

the SM.  Although the DFB power at 27 mA has reached P = 1.1e-3 W, because we use the FBG as an 

external target, it is exposed to disturbance to achieve SMI. Because of the property of the FBG that it 

reflects a specific wavelength of the spectrum by reflection while transmitting the rest, and according 

to this principle, the signal power reflected from the FBG to the DFB ranges between 1.32e-4 W and 

9.69e-7 W, which is a small amount compared to the original power of the DFB.  
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Fig. 3 Spectroscopy for free-running DFB laser with parameters 𝜆�=1550 nm, I = 27 mA, T = 25

 
°C.

 

(A) Optical Spectrum Analyzer spectrum, (B) The Radio Frequency (RF) spectrum, (C) Time series, 

(D) Attractor, (E) L-I curve. 
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The system output waveform can be observed in Fig. 4 at different temperatures. At 30 °C, 50 °C, 80 

°C, 90 °C, and 100 °C, the center wavelength is 1.500 µm, 1.5001 µm, 1.5002 µm, 1.5003 µm, and 

1.5004 µm, respectively. The center of wavelength shifts with rising temperature; this has been proven 

in similar studies, such as Ref [31],[32],[33],[34].  

 
Fig. 4 Waveforms of the system output at various temperatures. 

When the temperature externally fluctuates, the wavelength of the reflected light changes as well. Two 

primary variables affect this process: the optical fiber thermo-optic coefficient (ζ) and thermal 

expansion coefficient (α), where α = 0.55e-6 and ζ = 8.6e-6, respectively. Modifications in these 

factors affect the grating period and the effective refractive index of the waveguide. The wavelength 

shift in the FBG due to temperature variation ΔT can be described as follows [35]:  
∆𝜆𝐵
𝜆

= (𝛼 + 𝜁)∆𝑇…… . . (8) 

Fig. 5 shows a linear correlation between temperature and the system output waveform's center 

wavelength. A robust linear correlation occurs between the central wavelength shift and temperature 

fluctuations[36]. The characterization results reveal a 100 pm wavelength shift corresponding to each 

10°C variation. The obtained sensitivity is 0.53 pm/°C. The high R-Square (COD) value confirms the 

effectiveness of the temperature change on the wavelength shift. As is known, the R value ranges 

between (0 to 1), and the closer the value is to 1, the more accurate the relationship between the two 

variables in this study. In this study, the R reached 0.95.  
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Fig. 5 Wavelength shift concerning the temperature applied to FBG. 

 

Back to Fig. 1, which illustrates that RF spectrum analyzers and an oscilloscope were used to observe 

the electrical signals corresponding to the previously collected data. The signals were analyzed, 

leading to the emergence of frequency bandwidth, time sequence, and phase diagrams (Attractor) 

under different temperature circumstances as shown in Fig. 6. The figure clearly illustrates that the 

chaotic laser output state of the system varies significantly at various temperatures.  At 30°C, the RF 

analysis can be observed, which shows that the chaotic BW has extended to be 8.1 GHz, and the 

number of spikes has doubled compared to the free-running situation. Additionally, the dynamics 

showed a decrease in the power for the spikes, with the highest mode reaching 19.5 nW. It can be 

observed clear spectral peaks when the laser output power goes up and down in a regular pattern, but 

when it behaves chaotically, there are no visible peaks, and the spectrum spreads out around the 

relaxation oscillation frequency [23],[37],[38].  

When OFB strength (𝑘 = 0.06), at the same temperature, the voltage of the system varies as it 

progresses by its essential dynamics. By evaluating the signal-to-noise ratio (SNR), one can analyze 

and define the influence of self-mixing chaos on the resultant signal in terms of estimated noise. The 

signal-to-noise ratio (SNR) is calculated by dividing the data signal power by the noise power [39]. 

The results for the free-running DFB showed that the SNR value is -10.14 dB, but it decreased to -12.4 

dB at 30°C. Also, the attractor graph, which represents the shape of infinite outward growth, is shown 

in the phase diagram. Analyzing attractor observation is necessary to accept chaotic systems and 

comprehend their future behavior. The system evolves toward an attractor, which includes a set of 

states, irrespective of the original conditions. This behavior is characterized as a strange attractor, a 

form of attractor caused by chaotic system dynamics. Assume that the strange attractor exhibits chaos 

and is sensitive to initial conditions. Therefore, any beginning points on the attractor that are 

infinitesimally close will eventually come together to form points that are likewise infinitesimally 

close after a specific number of iterations. After the same number of iterations, they will 

simultaneously separate away to produce points that are arbitrary distances apart (within the attractor's 

bounds). A dynamic system with a chaotic attractor is locally unstable yet globally stable. Following 

particular sequences that converge on the attractor, adjacent points separate from one another yet 

remain within the area around them [40]. The chaotic attractor at T = 30 °C is referred to as a strange 



Khalaf and Hemed, MJPAS, Vol. 4, No. 3, 2026 

 
 

112 

 

attractor because it differs greatly from other periodic attractors. Without crossing in phase space, the 

chaotic trajectory traverses a multidimensional space.  

At 50 °C, the BW increases to 10.5 GHz, and the mode power increases substantially to 23 nW, 

compared to 19 nW at 30 °C. This increase confirms that the sensor detects a rise in the FBG 

temperature, which causes a wavelength shift. The SNR value decreases slightly for the same 

temperature, indicating a decrease in noise compared to the signal. As for the attractor, it continues 

with the same strange behavior that was mentioned previously.  

At 80 °C, 90 °C, and 100 °C, Similar Behavior is observed in the behavior at 80 °C and 50 °C, as the 

bandwidth expands at 10 GHz, as well as the intensity of the pattern, but a difference is observed in the 

full width at half maximum (FWHM), values, as shown in Table No.2. However, the most notable 

attribute is the enhancement in SNR to (-8.37), representing the optimum level for signal-to-noise 

ratio.  At 90 °C, the expansion in the BW starts to decrease, which is also what happens at 100 °C, but 

the SNR increases once more, indicating an elevation in noise relative to the signal.   

 

     Table 2. Statistics for chaotic dynamics changes against FBG assumed temperature. 

 OSA RF 

Temp 
o 
C 

No. of 

Peaks 

FWHM 

 

Peak Center 

µm 

No. of Peaks FWHM 

GHz 

Bandwidth 

GHz 

0 49 3.16362E-5 1.55002 37 2.07052 8 

10 47 2.36589E-5 1.55 23 2.17831 6.7 

20 71 2.62484E-5 1.55002 36 2.86547 10.1 

30 33 3.52651E-5 1.55 33 2.25469 8.1 

40 50 3.85083E-5 1.55002 22 2.38023 7.91 

50 36 3.50471E-5 1.55001 24 2.22415 10.5 

60 35 2.39896E-5 1.55003 30 1.9229 11.4 

70 38 3.23899E-5 1.55003 26 1.61887 10 

80 46 3.71006E-5 1.55002 23 2.05849 10 

90 29 3.6416E-5 1.55003 12 0.01032 9 

100 45 2.99789E-5 1.55004 22 0.1759 7.18 
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(1)  Signal analysis at temperature 30°C.  
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(2) Signal analysis at temperature 50°C. 
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 (3 ) Signal analysis at temperature 80°C. 
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(4) Signal analysis at temperature 90°C. 
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(5) Signal analysis at temperature 100°C. 

Fig. 6.  Signal analysis for different temperatures: (A) The RF power spectra (B) Time series 

(C) The attractor. 

The effect of changing the FBG temperature is illustrated in Fig. 7 by the SMI bandwidth (FWHM) 

and the DFB feedback power level. The FWHM exhibits varying values as the temperature increases, 

and the change is asymmetric (Fig. 7A). On the other hand, the feedback power remains almost 

constant regardless of temperature changes. This effect occurs when only a small portion of the signal 

is reflected and interacts with the modes inside the laser cavity (Fig. 7B). 
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Fig. 7. The effect of temperature on: (A) FWHM, (B) Feedback Strength. 

 

Conclusion 

The simulation demonstrates the fiber optic sensor's potential for FBG interrogation by analyzing the 

self-mixing effect while it operates in a weak feedback regime. The evolution of the laser spectrum has 

been proven via observations in time, frequency, optical, and phase domains. This development was 

based on statistical analysis of the spectra, including wavelength shift, FWHM, number of peaks, and 

signal broadening (BW). According to the results, there is a strong linear relationship between 

temperature variations and the central wavelength shift. The characterization results show a 

wavelength shift of 100 μm for every 10°C change. The resulting sensitivity is 0.53 pm/°C. The results 

also show a bandwidth expansion to 11.4 GHz at 60 °C. Due to its uniqueness, temperature is the 

fundamental characteristic for all environments, and a chaotic system has a favorable effect on sensing. 

Therefore, it is intended to investigate the practical use of SMI further, utilizing several FBGs applied 

simultaneously. A fiber loop mirror with strong feedback will enable researchers to use this technique 

in applications such as those reported earlier and also in atmospheric layers sensing, particularly the 

troposphere layer. 
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