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ABSTRACT:

A dual-mode biomedical sensor is being developed based on the principle of intra-cavity absorption
spectroscopy. As the foundation of this system lies in Fibre Bragg Gratings, it is essential to thoroughly
evaluate their complete performance following intense hysteresis analysis. Since two wavelengths
(modes) are present in the system, we use the Side Mode Suppression Ratio to check their existence in
the presence of neighboring ones, starting with an investigation at the specified temperature and
injection current. Both modes have shown intense competition with the side modes, technically
validated by two equipment. This revealed a novel correlation between the dominant modes and the
side modes, considering numerous factors in cavity optomechanics, such as red and blue shifts. A
strong interplay between different types of semiconductors in a lasing system is explored and
established, which helps in understanding the development of our dual-mode sensor and discovering
strong clues for the competition between multiple modes.

Keywords: Biomedical Sensor, Temperature-Dependent Sensor Behavior, Intracavity
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1. Introduction

One of the emerging areas of research in the current world involves analyzing the gases that are exhaled in
human breath to detect drugs [1-3]. This is done to monitor, identify, and treat signs of illness in individuals
by examining the levels of substances that influence the composition of respiratory gas. This helps in the
detection of potential diseases or drug doses in individuals, based on this information. These substances,
which enter the bloodstream, are referred to as Volatile Organic Compounds (VOCs) or biomarkers [4-7].
Although more than 500 different compounds have been identified as biomarkers in breath, but they are
typically found in very small quantities.

To detect these low concentrations of VOCs, various analytical approaches are being actively explored and
utilized, including, but not limited to, sophisticated techniques such as mass spectrometry and gas
chromatography [8, 9]. These traditional methods, although widely used, exhibit certain limitations that can
hinder their effectiveness in accurately identifying and quantifying VOCs. For instance, issues related to time
resolution arise, resulting in delays that can complicate the resulting investigation. Additionally, these
methods often have lower detection resolution, making it challenging to distinguish between related
compounds. Additionally, detection ambiguity is another significant drawback, as the presence of other
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VOCs can interfere with the results, leading to a misinterpretation of the data. Moreover, such traditional
approaches may struggle with sensitivity, particularly when identifying VOCs present in extremely low
concentrations [10-13].

In this context, an alternative and potentially advantageous option for detecting VOCs is the use of
absorption spectroscopy [14-16]. This method involves passing light through a sample and analysing the
interaction between the light and the molecules present in that sample. By observing how the light is
absorbed across specific wavelengths, researchers can draw meaningful conclusions about the
characteristic properties of the sample being examined. In its most straightforward explanation, the energy
of the light interacts with the molecules, resulting in absorption at defined wavelength ranges. This
phenomenon can be indicative of the presence and concentration of different VOCs [17-19]. This technique
can offer significantly improved sensitivity and isolation, potentially overcoming some of the limitations
associated with traditional VOC detection methods [20-22].

Our research focuses on the development of a laser-based experimental setup specifically designed for use
as a biomedical sensor [15, 23, 24]. In our approach, we aim to utilize two distinct wavelengths instead of a
single wavelength. This decision is based on the compelling reasons related to the enhanced sensitivity that
dual-wavelength operation can provide for the system [6, 14, 16, 25-28]. By leveraging these two
wavelengths, we can significantly improve the overall performance and effectiveness of the sensor, making
it more suitable for various biomedical applications.

At the heart of our current work is a thorough and detailed investigation into the properties and behaviors
of Fibre Bragg Gratings (FBGs), which are crucial components of our experimental setup. FBGs play a
fundamental role in the operation of the sensor, as they can reflect specific wavelengths of light while
allowing other wavelengths to pass through, providing a means to finely tune the sensor's response [32,
34-36].

To optimize the functioning of the FBGs within our system, we are delving into the phenomenon known as
the Side Mode Suppression Ratio (SMSR) [17, 27, 33, 64]. The SMSR is an important parameter that
quantifies the suppression of unwanted side modes relative to the main operational mode. By engaging in
this envelopment, we aim to enhance the quality and precision of the sensor's output, thereby increasing its
reliability and applicability in biomedical settings.

Ultimately, our work seeks to contribute to the advancement of biomedical sensing technologies by
exploring innovative approaches that enhance sensitivity and performance through the strategic
application of laser modes and the effective use of Fibre Bragg Gratings. Through this research, we hope to
pave the way for the development of next-generation biomedical sensors that can provide reliable and
accurate measurements in various medical and healthcare contexts.

2. Experimental Setup

The spectroscopic setup (Figure 1(a)) consists of light that is emitted by the laser assembly (Semiconductor
Optical Amplifier (SOA), amplified by the loop mirror) [6, 14, 15, 37]. A Laser Diode Controller (LDC)
controls the temperature and injection current of the SOA [38] that can be connected to a computer (Figure
1(b)). This light enters two FBGs, classified as FBGi/FBG1 and FBGo/FBG2, through optical couplers Vi and
V.o, respectively [39]. This forms the basis of Intra-Cavity Absorption Spectroscopy (ICAS), which, in
principle, generates two laser lines by placing the devices inside the laser cavity. As the SOA emits light in
the Near Infrared, the FBGs are also designed to operate in the same wavelength domain (1538-1545 nm).
Isolators ensure the propagation of light in one direction.

For the sake of measurement, an Optical Spectrum Analyser (OSA) is used in the system. This records the
output spectrum of light at the required wavelengths [40-42]. For electrical measurement, this can be
achieved by converting the optical output into an electrical equivalent using a Photodiode, bias t, and a low-
noise amplifier. An Electrical Spectrum Analyser, Voltmeter and Oscilloscope are engaged to record the
corresponding electrical signals. This system can be controlled by a computer via LabVIEW that assists in
controlling the experimentation [23, 26, 43, 44].

2.a. Cavity Optomechanics

It is important to understand the mechanics of the system’s operation in Figures 1(a) and 1(b) in light of
the working FBGs, with particular attention to the former one. Light from the lasing system enters the FBGs
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via coupler Vi. It is reflected by the specific wavelength of the grating FBG;, as per Bragg's theory. This light
can be detected at the OSA after passing through Isolator I.. The remaining portion is passed on to the
coupler V, and goes to FBGo. Here, the light is reflected by the specific wavelength of the grating FBG, and
can be detected solely at OSA, passing through Isolator I+. The remaining portion of the light is reflected
back into the entire cavity of the system, at all wavelengths of the SOA. Therefore, we observe the formation
of two main cavities in the system, each corresponding to a grating: the inner cavity (light reflected by FBGi)
and the outer cavity (light reflected by FBGo). The entire procedure is illustrated in Figure 2, which shows
the formation of cavities in the system in Figure 1(a).

Sample Placement g Control System .

Laser Assembly

Isolator I, RN

e s
A A A
Isolator Coupler Vi I I I I I

Gi

Measurement
Devices

Isolator |4

FBG
P WY YWYWYVYWVWWY)
- o I I I I I I I I| I I |
(a)
[ | [ Physical l
{ S(?A ] | LDC | ComputerJ Interface
Loop
Mirror Laser Assembly

(b)
Fig. 1: (a) The measurement system containing the components, and (b) magnified view of the Laser Assembly, consisting of the SOA,
Loop Mirror, LDC, and Physical Interface.

The colors of FBGi and FBGo have been retained in this figure. Figures 2(a) and 2(b) differentiate the cavities
in the system that were made by these FBGs. Finally, Figure 2(c) shows the complete system cavity, which
contains all the components. In this manner, the system operates on two specific wavelengths of the FBGs,
which are present in the gain profile of the SOA, as illustrated in Figure 3. The intensity of both modes can
be adjusted by allowing light to pass through them, via the couplers (Vi for FBGi and V, for FBGo,
respectively). The difference in intensity levels between these modes, tuned to the specific wavelength of
the sample (VOC), and analysis of the absorption spectrum can provide a useful amount of information
about the substance of interest, underpinning the idea behind the anticipated sensor. An idealized
illustration of this output in the form of an absorption spectrum is shown in Figures 3(a) and 3(b).
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With the exception of FBG,, all subsystems (sample placement, couplers, isolators), and FBG;, are included the Inner Cavity.
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With FBG,, all subsystems (sample placement, couplers, isolators), and FBG;, are included the Outer Cavity.
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Complete System Cavity, where FBG; reflects the light only at its wavelength, and, FBG,, reflects the light only at its wavelength.
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measurement system. (a) and (b) show FBGi and FBG,, respectively, whereas (c) generalizes the complete system that contains both
FBGs (FBGi and FBGo) in it.
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Fig. 3: Illustration of laser gain curve (in blue), with output from 14 in Figure 1, and highlighted regions for Peak A and Peak B,
corresponding to FBGi and FBG,, respectively. The red arrow shows the difference in normalized intensity (Jdifference) between the two

peaks. Dotted lines and colored labels highlight each peak’s maximum intensity. (a) shows both modes at the same level, and (b)
shows the modified gain response with their difference Jaifference with the red arrows, (in conjunction with Figure 2).
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2.b. Bridging Past Insights with Current and Future Work
Some of the relevant ones can be summarized in the flowchart in Figure 4.

Achievement 2 Achievement 3

Achievement 1 Achievement 4

| Combine Outputs ‘

Current Work

Resenren ]

Fig. 4: Flowchart illustrating the correlation between some of the prior achievements and the current work, highlighting integration,
progression, and future research directions.

Achievement 1: Some of the initial work on the topic was conducted in [6], which yielded interesting
outcomes in various aspects, preceded by its modeling scheme [29, 30]. These opened numerous corridors.

Achievement 2: To understand cavity optomechanics, the entire system was analyzed with respect to
intensity noise, a crucial parameter as discussed in [24].

Achievement 3: The next barrier was the design of the optical receiver, which successfully provided the
necessary output, as reported in [15].

Achievement 4: To expedite the experimentation procedure, most of the devices were equipped with a
control mechanism [23]. As the project is intended for a biomedical entity, efforts were focused on
correlating it with wireless schemes [31].

Recent developments include, but are not limited to, worthwhile results on cavity lengths, intensity
measurements (Research 1), temporal analysis, and sample measurements (Research 2) [6, 15, 23, 24, 44].
These breakthroughs in the field have sparked our interest in a new parameter: the SMSR. This parameter
is becoming increasingly important for assessing the performance and efficiency of laser systems and holds
pivotal importance in multimode laser sensors.

Investigation of SMSR (Research 3, current work) is anticipated to lead to various research themes,
including intensity noise, temporal investigation, and measurements with relevant compounds. Before
starting the measurements with SMSR, it is essential to check the losses that occur in the system due to the
optical fibre, specifically the splice loss.

2.c. Splice Loss

It is mandatory to check the splice loss that occurs at each optical junction within the setup in Figure 1(a),
before proceeding with measurements. For this purpose, we used the OptiSplice™ LID splicing device [45].
This advanced device is designed to automatically position fibres relative to each other before fusing them
together. This automation not only ensures precision but also significantly increases the speed and
efficiency of the splicing process.
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With careful and meticulous work, the OptiSplice™ LID splicing device is capable of achieving remarkably
low splicing losses. Typically, losses of 0 to 0.01 dB can be detected, which is a testament to the device’s
impressive capabilities. Furthermore, the measurement error is stated to be +0.02 dB, indicating a high level
of accuracy.

One of the standout features of this splicing device is its ability to monitor and assess the loss caused by the
splice in real-time. By checking the losses as the splice is being made, this device enables users to maintain
optimal performance and minimize potential issues. Thus, the optical connections (splices) were
successfully made with its help, and the values of various splices are provided in Table 1, which are within
the acceptable limits.

2.d. Fibre Bragg Gratings

FBGs enable tunable modes in the sensor to be developed, based on the principle of the grating structure of
the Distributed Bragg Reflector (DBR) [46]. This device can be integrated directly into the fibre. In this case,
the different refractive index is caused by a change in the glass fibre. Its refractive index can be changed by
absorbing both UV laser light, as in [47], and IR laser light, as in [48]. According to [49], FBGs can be
fabricated with a deformation that also has a chirped profile, allowing them to reflect multiple Bragg
wavelengths. The reflectance of the FBGs can be more than 99.8% [50].

TABLE 1. Determination of the splice losses at various points in Figure 1(a).
No. Splice Point Value (dB) | Within Limit
1 | Laser Assembly and Sample Placement 0.21 Yes
2 Sample Placement and Vi 0.24 Yes
3 Viand I1 0.22 Yes
4 Viand Iz 0.25 Yes
5 Viand FBGi 0.25 Yes
6 FBGiand Vo 0.23 Yes
7 Vo and FBGo 0.24 Yes
8 Voand Iz 0.21 Yes
9 Voand I4 0.22 Yes

For our purpose, only single-mode fibres are used. Single-mode in this context means that only the lowest
order mode, also called fundamental mode, can be formed in the transverse and lateral directions. In single-
mode fibres, the fibre core is so thin that higher-order transverse and lateral modes are not supported. In
addition, the angle of incidence between the electromagnetic waves and the FBG in the glass fibre is almost
90°, which simplifies the Bragg condition equation

Here, Ap is the Bragg wavelength, neft is the effective refractive index, and 4 is the period of the grating. As
highlighted above, only one mode is reflected in an FBG, and its Bragg wavelength can be calculated
accordingly. This relationship enables the specification of a single wavelength within a broadband
spectrum. In our system, we have two FBGs that reflect at their respective wavelengths within the SOA,
enabling a dual-mode sensor [6, 39, 52]. For example, Figure 5 illustrates the reflection spectrum of an ideal
FBG. The intensity is distributed over a narrow spectral line and is otherwise zero.

FBGs are highly sensitive to changes caused by mechanical stress or temperature fluctuations. According to
[51], the following dependence of the Bragg wavelength of FBGs in relation to temperature and mechanical
stress results:

Adg =2(AZ—’;+nZ—’l‘)Al+2(AZ—§+nZ—‘T‘)AT. 2)

The Bragg wavelength change AAg is determined from the partial derivatives of the effective refractive index
and the grating period with respect to the length dl multiplied by its change Al and the partial derivatives
of dn and 9A with respect to the temperature T multiplied by its change dT. According to Equation 2, the
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change in the Bragg wavelength can be attributed to temperature changes and mechanical stresses,
implying a detailed investigation of the FBGs in our system [6, 52].

T T T

Intensity (dB)

1

1538 1539 1540 1541 1542

Wavelength (nm)

Fig. 5: Example of a spectrum of an FBG.

2.e. The Driving Forces of the Working Mechanism and Merits

The essence of our experimental work lies in the operation of both FBGs. Numerous wavelengths, or modes,
exist in a laser system at any time [28, 53, 54]. When a multimode system is used, these modes compete
with each other at all times. It is very difficult to analyze these modes at all times, due to technical and
monetary limitations [55]. A single-mode laser is, on the contrary, better in terms of these constraints.
However, this system limits sensitive operation and experimentation [56]. Therefore, we resort to a dual
mode system that combines the benefits of both scenarios [16, 57, 58]. The plan is to develop a biomedical
sensor setup that combines these features and can be used later to monitor the constituents of human
breath exhaled from the lungs [6, 24]. This air will contain information about VOCs, which will help
physicians determine the amount of anesthesia that must be administered to a particular patient. Medical
science reveals that there is no strict regulation worldwide to provide a certain amount of anesthesia to a
patient, and this opens up opportunities for work at present [59-63]. To the best of our knowledge, this is
the only proposal that utilizes this mechanism, and some of the worthwhile results are presented in [6, 15,
23, 24, 44, 84].

In this work, we analyze an intense mode competition between the two wavelengths (modes) Mi and Mo
under the effects of temperature and injection current. Since the laser system depends on these modes, it is
important to understand their existence at various times. We measure the SMSR of both modes in the
system under intense parametric conditions of temperature and injection current.

2.f. Side Mode Suppression Ratio (SMSR)

An important quantity used to characterize a laser is the SMSR [17, 27, 64]. The SMSR indicates the
difference in intensity between the main oscillating mode and the next stronger side mode (Figure 6).
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Fig. 6: An example of calculating SMSR in a system. The intensity levels of the main mode and the side mode are represented in green
and blue, respectively, and their difference is denoted by the SMSR (red).

If Intensity(main mode) and Intensity(side mode) are the intensity levels of the main mode and side mode,
respectively, mathematically, it can be expressed as

SMSR = IntenSit}’(main made)- (3)

IntenSit}’(side mode)

Since, in most cases, when characterizing lasers, the power is given in decibels (dB), the difference is

SMSR = Intensity main mode) — INtENSItY (sige mode)- (4)

For this purpose, we identify the nearest side mode that exists for both FBGs separately, and then we
investigate its influence when the system is operated in both modes. It was confirmed at the start of the
experimentation that the side modes of both the main modes are present at their original locations [6, 24].
Repetitive experimentation yields some interesting outcomes that have been thoroughly discussed.

To attain the exact SMSR, we must subtract the displacement of mode x1 from that of M;, as (x + x1 — x1 = x).
The same thing happens with Mo. When the value of the injection current increases beyond the threshold,
all wavelengths undergo this experience, known as a red shift [18, 65].

Therefore, it is possible to explore the SMSR at that point. However, to determine the exact position of the
side mode, the device calculating this position must be capable of finding the exact location of this mode
before and after its relocation. Since both Mi and M, are being analyzed, the side mode for Mi and M, would
also undergo displacement due to the red shift and might undergo another level of mode competition with
the displaced wavelengths. Therefore, based on our understanding, it is possible with our current OSA
(Optical Spectrum Analyzer AQ6375 [66]) to determine the displacement of the original modes and the side
modes with high accuracy.

3. Overcoming Stability Challenges Due to Hysteresis in Passive Elements

In our experimental setup, an FBG serves as a crucial, passive sensing element. Over time, these FBGs have
been employed extensively for various investigations, making them a central component of our research.
However, given that an FBG is fundamentally a mechanical device, its performance can be subject to subtle
changes related to material fatigue, stress relaxation, or environmental factors [46, 47]. These gradual
alterations may introduce temporal variations in the FBG’s output, potentially leading to discrepancies or
drifts in measured values over extended periods. To address this potential source of error and ensure the
long-term reliability and accuracy of our data, we undertook a comprehensive hysteresis analysis of each
FBG individually. This analysis aims to characterize the relationship between the input stimulus (e.g., strain,
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temperature) and the FBG’s output (e.g., Bragg wavelength shift) under cyclical loading conditions. By
quantifying the hysteresis behavior, we can identify and potentially compensate for any non-ideal or time-
dependent response characteristics. With the methodology employed for the hysteresis analysis of both
FBGs, we present the results obtained and discuss the inherent challenges encountered during the process.
This highlights the importance of understanding and mitigating these effects in long-term FBG-based
sensing applications.

To ensure accurate and stable measurements of the Bragg wavelength, it is crucial to minimize heat losses
and prevent temperature fluctuations. This can be achieved by implementing proper insulation and
temperature control measures [48]. When the temperature is held constant, the Bragg wavelength remains
stable over time, as depicted in Figures 7 and 8. This stability is essential for obtaining reliable and
consistent measurement results. By avoiding detuning through temperature variations, we can maintain
the integrity of our experiments and draw valid conclusions from their data.

(i) The SOA is attached to both gratings, one by one, with the injection current from 10 to 500 mA and
constant temperature at 25°C. According to device specifications, the gratings require a stability time of 6-
8 hours, which is observed to be approximately 10 hours in our case. This is related to the device's lifetime
usage, which is a normal factor, especially for sensitive operations.
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Fig. 7: Hysteresis analysis of FBG;, at specified values of SOA temperature and injection current. The Bragg wavelength was set to (a)
1540 nm, (b) 1541 nm, (c) 1542 nm, and (d) 1543 nm, respectively.

(ii) The measurement of each FBG took about 1800 minutes at the specified SOA temperature and injection
current, designated as the output in the forward direction. Afterwards, the current value was decreased
from 500 to 10 mA, and the results were recorded in the reverse direction. The laboratory temperature
during that time varied between 20.4°C and 24.7°C. Measurements were recorded every 5 minutes.

(iii) The procedure described above is followed for both the FBGs with their wavelengths set to 1540, 1541,
1542, and 1543 nm, respectively. The outcomes of both FBGs are provided in Figures 7 and 8.
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(iv) From Figures 7(a), 7(b), 7(c), and 7(d), the value of Bragg wavelength is found to be within a range of
+0.08 nm for FBG:. This holds true for the values in forward and reverse directions.

(v) Similarly, the Bragg wavelength is found to have a variation in the limit of £0.08 nm for FBGo, in Figures
8(a), 8(b), 8(c), and 8(d). This also holds true for the values in forward and reverse directions.

(vi) Obtaining a maximum difference in the Bragg wavelength of 3% from the targeted value during the

hysteresis within the device’s specifications is a significant achievement that highlights the sensitivity of the
experimental setup.

(vii) The current system exhibits significant stability, emphasizing its practical application, with some
limitations. Achieving the target wavelength requires an extended stabilization period exceeding 10 hours,

after which only minor fluctuations in the Bragg wavelength are observed. This is clear from Figures 7 and
8.
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Fig. 8: Hysteresis analysis of FBG,, at specified values of SOA temperature and injection current. The Bragg wavelength was set to (a)
1540 nm, (b) 1541 nm, (c) 1542 nm, and (d) 1543 nm, respectively.

(viii) A gradual wavelength increase occurs after 10 hours, likely attributed to the softening of the adhesive
bonding the aluminium component to the FBGs due to thermal effects, leading to slippage. This long

stabilization time presents a significant limitation, as immediate adjustments to mode spacing or position
are not possible.

(ix) Inview of the considerations above, a 24-hour waiting period is necessary before measurements can
be considered stable, assuming minimal Bragg wavelength drift within a one-hour measurement window
[67, 68]. Even then, long-term wavelength stability remains elusive, precluding dynamic spectral scanning
via temperature-controlled wavelength adjustments due to insufficient precision.

(x) Furthermore, the current FBG’s reflectance of only 99.2% limits resonator quality and consequently,
the system’s sensitivity. Achieving the desired sensitivity requires an improved resonator quality,
necessitating FBGs with a reflectance of at least 99.99% [35, 49, 50, 52, 84].
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The technical verdict of our investigation of both FBGi and FBGo, is provided in Tables 2 and 3. We note that
any fluctuations in the Bragg wavelength can have significant impacts on the performance of optical devices
that rely on this wavelength for operation. Therefore, it is essential to prioritize care, respect, and truth in
all measurements and experiments involving the Bragg wavelength beforehand.

TABLE 2. Determination of the Average Difference and Maximum Difference of Bragg Wavelength of FBGi between the forward and
reverse values, along with the stability time, after performing the hysteresis analysis at specific wavelengths in Figure 7.

No. | FBGi Wavelength (nm) | Average Difference | Maximum Difference | Stability Time
(nm) (nm) (Minutes)
1 1540 0.73 0.11 551
2 1541 0.65 0.11 538
3 1542 0.72 0.11 542
4 1543 0.64 0.11 547

TABLE 3. Determination of the Average Difference and Maximum Difference of Bragg Wavelength of FBG, between the forward and
reverse values, along with the stability time, after performing the hysteresis analysis at specific wavelengths in Figure 8.

No. | FBGi Wavelength (nm) | Average Difference | Maximum Difference | Stability Time
(nm) (nm) (Minutes)
1 1540 0.71 0.11 545
2 1541 0.67 0.11 534
3 1542 0.69 0.11 549
4 1543 0.71 0.11 556

4. Side Mode Suppression Ratio of the Dual Mode Experimental Setup

To determine the SMSR, the procedure is as explained in Section 2.f. The SMSR is specified separately for
each laser line (in each mode). Figure 9 shows the SMSR obtained from the measurement setup in Figure
1(a) for both laser lines at SOA temperatures of 10°C, 15°C, 20°C, and 25°C. The SMSR of the laser line of
FBGi and FBGo is shown in black and red, respectively.

The SMSR initially increases with each increase in temperature, as shown in Figure 9. The final value of
approximately 50 dB achieved by the SMSR (sum of SMSR values for both modes) is almost identical across
the examined temperatures, but it is achieved at different temperatures. At a temperature of 10°C, this
nominal value is already reached at 295 mA. In contrast, at 15°C, 20°C, and 25°C, injection currents of 345
mA, 380 mA, and 425 mA are required, respectively.

4.a. Investigation of Mode Competition under Variation in Injection Current and Temperature on
SMSR

The SMSR initially increases for all examined temperature values, as shown in Figure 9. This means that the
value of SMSR depends explicitly on temperature, thereby determining the operation of the laser setup.

The final value of the SMSR achieved in these cases is almost identical at these temperatures; however, the
point at which this value is reached is highly dependent on the specific temperature at which the
measurement is performed. This aligns with recent work using tunable lasers [19, 32] conducted in a
different wavelength range. Starting with the curve in Figure 9(a), it is seen that the values of SMSR for both
modes increase gradually at a temperature of 10°C. The final value is reached at about 310 mA. Afterwards,
the SMSR lies in the range of 22.5 and 26 dB. This means that both modes are dominant in this range of
operation as compared to the side modes. This is a significant achievement for our laser setup.

It is observed that both modes maintain their values of SMSR within this specific range after the threshold
current value is reached. According to medical consultations [72-74], this is very important because the
Volatile Organic Compounds (VOCs), for which the laser sensor is designed, have specific characteristics
that can only be observed under sensitive spectroscopic conditions. The modes must retain a certain
intensity at a specific injection current and temperature [20].
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Fig. 9: Evaluation of the SMSR of both FBGs with increasing injection current, at various values of temperature (a) 10°C, (b) 15°C, (c)
20°C, and (d) 25°C, respectively.

Figure 9(a) shows that the inner mode attains a specific value of SMSR after the outer mode at 10°C. This
means that Mo has less competition with the side modes as compared to Mi. There are numerous facts
behind this phenomenon. First, the outer mode Mo (outer cavity) comprises FBGo only, whereas the inner
mode M; (inner cavity) encompasses FBGi as well as FBGo. This means that SOA needs a specific value of
injection current for FBGo to cross the lasing threshold (outer cavity). In contrast, FBGi requires additional
effort to achieve the threshold current (inner cavity). Therefore, we expect M, to be more stable in terms of
intensity as compared to M. This is a consequence of cavity optomechanics that has been investigated for
two specific wavelengths in this study.

At a temperature of 15°C, a similar trend has been observed for both modes in Figure 9(b). It is again seen
here that M, attempts to achieve SMSR at a threshold current of about 345 mA. Likewise, M; achieves an
SMSR value of approximately the same magnitude, which should be considered. An examination of this
phenomenon reveals its connection to the quantum mechanical effects. As the temperature of a
semiconductor material increases, the physical dimensions of the resonator also start to expand [21]. This
phenomenon of thermal expansion significantly alters the spatial arrangement of the wavelengths (or
modes) within the resonator. On this occasion, it is crucial to highlight and understand that these changes
are intrinsically linked to the fundamental properties of the semiconductor crystal that is being used [22,
75].

When the temperature of the semiconductor rises, the increased thermal energy causes greater
displacement between the atoms in its lattice. As a result, this thermal displacement leads to a reduction in
the potential forces between the atoms. Consequently, the energy gap between the conduction and valence
bands decreases in the semiconductor. A reduction in the bandgap energy results in an increase in the
wavelengths of light that the semiconductor can interact with, leading to a corresponding shift in the
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refractive index of the material. This is evidence of red shift [18, 65, 76] and holds vital significance in
technical terms [77, 78].

This shift in refractive index should be visualized because it implies that as the temperature rises, the
wavelength of light within the semiconductor material experiences a red shift. Red shift refers to the
phenomenon where the wavelength of light becomes longer as the energy of the photons producing this
light decreases [79]. In other words, as the temperature increases, the wavelength of light that the
semiconductor can effectively operate on during its operation becomes longer. The implications of this shift
in wavelength are profound for the operation of semiconductor devices, particularly those that rely on
precise optical measurements [80], such as the dual-mode laser system presented in this work. Here, we
have observed the profound impact of this wavelength shift on the SMSR of the system, a crucial parameter.
The change in redshift due to temperature changes can affect the performance and accuracy of these
devices. As the resonator’s function depends on specific wavelength ranges, it is clear that any change in
these wavelengths directly impacts the device’s functionality and efficiency. The value of the refractive
index increases, which is caused by temperature-induced bandgap narrowing and can, therefore, lead to
alterations in the resonator’s operational characteristics.

To summarize this discussion, the relationship between temperature and wavelength shift in
semiconductor materials is rooted in the principles of quantum mechanical effects [81]. As the temperature
rises, the corresponding change in atomic displacement and potential forces within the crystal lattice results
in areduction of bandgap energy, leading to an increased wavelength of light and a higher value of refractive
index. This phenomenon of redshift has significant consequences for properties of our dual-mode
semiconductor device, such as SMSRs, affecting the performance and the accuracy of optical measurements.

Experimentation at 20°C yields a similar outcome. Here, we observe another interesting phenomenon: M;
achieves its SMSR at a current of approximately 370 mA, whereas Mo achieves it at approximately 385 mA.
This means that the inner cavity now attains its SMSR quite before the outer cavity, which seems interesting.
However, a closer examination of the matter reveals the primary reason behind it. When there are more
electrons in the energy band as a result of more input current, they tend to occupy states that are very far
from the edge. Therefore, we see transitions within that bandgap (Fermi level band filling [82]), in addition
to the outer ones. This means that more energy is required to move the electrons from one point to another,
causing a reduction in the corresponding wavelength, a phenomenon termed as blue shift. Thus, it is
determined that the inner cavity achieves its SMSR before the outer one because of this phenomenon.

A key difference between the two temperatures shown is that at 20°C, the SMSR continues to increase after
the threshold current is exceeded for both the outer cavity and the inner cavity. At 10°C and 15°C, the values
of SMSR for both cavities remain within a relatively constant range. This is because an increase in the
injection current, as per characterization of the SOA’s datasheet [37], influences the maximum of the gain
profile of the SOA. Therefore, increasing the injection current changes the relative position of the set
wavelengths in relation to the gain maximum.

Another consequence of increasing the temperature to 25°C is that the SMSR of the inner and outer cavities
is achieved at approximately 405 mA and 420 mA, respectively. The reason for this is the same as mentioned
in the points above. However, here we see that the SMSR of the outer cavity increases afterwards, whereas
that of the inner cavity starts to decrease. This may be related to the minute changes in rotational and
vibrational spectra [34, 35]. However, an exact reason for this cannot be stated at this level.

The SMSR in all graphs indicates that both modes exist satisfactorily above the threshold current at all
temperature values. This is essential for the laser system to be used as a spectroscopic sensor at a later
stage, and is therefore, important to highlight at this level the precision of our principle.

4.b. Correlation with the Measurement Equipment

In light of the analysis presented above, it is now imperative to investigate the existence of both modes at
their corresponding wavelengths throughout the entire operation of the experimental system. For this
purpose, the measurements were performed with the help of a Thorlabs OSA (Thorlabs 0SA202 OSA [69])
in another laboratory, which also operates by measuring the optical power of light signals across different
wavelengths. It is essential at this point to emphasize the principle of spectrum analyzers that have been
utilized for measurement purposes [70, 71]. The key features that are of interest for our system'’s operation
are reviewed here.
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Light Input

The Yokogawa AQ6370 accepts optical signals via fibre-optic input or free-space connectors, with similar
input options for compatibility with various testing setups. The Thorlabs OSA202 typically receives optical
signals via a fibre-optic input (e.g., FC/PC or FC/APC connectors) or a free-space input.

Wavelength Dispersion

The Yokogawa AQ6370 utilizes a diffraction grating for light dispersion, but its monochromator is
specifically engineered for high spectral resolution, enabling more precise measurements, particularly in
dense wavelength division multiplexing (DWDM) or other high-density applications. Thorlabs 0SA202 also
uses a diffraction grating to separate the light into its wavelength components. The diffraction grating is
designed to offer good spectral resolution for a wide range of measurements.

Detection

Yokogawa AQ6370 uses a photodiode-based detector array, but with more advanced signal processing
techniques, it can provide higher accuracy and faster data processing. The AQ6370 also benefits from more
robust calibration for better measurement fidelity over time. Thorlabs OSA202 detects the separated light
through a photodiode array or other suitable detectors, converting optical signals into electrical signals for
spectrum analysis.

Signal Processing

Yokogawa AQ6370 processes the signal with high-speed DSP (digital signal processing), producing a more
precise and stable spectrum. The AQ6370 features advanced capabilities, including automatic wavelength
calibration, noise reduction, and high-speed data processing, enabling real-time results. Thorlabs 0SA202
also processes the electrical signal and generates the optical spectrum, typically displaying power vs.
wavelength data with real-time measurement capabilities.

Wide Wavelength Range and Resolution

The Yokogawa AQ6370 has a broader wavelength range (350 nm to 1650 nm) and higher resolution. The
AQ6370 is specifically designed for high-precision measurements, supporting resolutions as fine as 0.01
nm, making it ideal for intricate analysis, including the testing of optical components in dense systems such
as DWDM. Thorlabs 0SA202 offers a decent wavelength range, typically around 600 nm to 1700 nm, with
good resolution for many standard optical communications applications.

Real-Time Measurements

The Yokogawa AQ6370 provides real-time measurements with superior speed and accuracy. It is optimized
for high-performance environments where fast, accurate, and stable real-time analysis is crucial,
particularly for high-speed communication systems and research applications. The Thorlabs 0SA202 also
provides real-time spectral measurements, with a focus on ease of use and quick analysis for general
applications.

Wavelength Range

The Yokogawa AQ6370 covers a wider range (350 nm to 1650 nm) compared to the Thorlabs 0SA202 (600
nm to 1700 nm).

4.c. Validating Intensity Profiles of Inner Mode

The same operational conditions were established prior to the start of the experiment, as outlined in Section
2.f. The value of the SOA injection current was increased for every set of measurements in which the SOA
temperature was maintained at 10°C, 15°C, 20 °C, and 25°C, respectively.

The observed initial increase in SMSR with temperature demonstrates a clear temperature dependence, as
shown in Figures 10(a), 10(b), 10(c), and 10(d). This temperature sensitivity directly impacts how the laser
setup performs. The differences between the values of the inner mode at their respective values of injection
current and temperature are also shown in all figures.
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While the final SMSR converges to a similar value across the tested temperatures, the temperature has a
significant impact on the speed at which this value is reached. This observation aligns with recent findings
on tunable lasers operating in a different wavelength range [25, 33].

For the sake of illustration, we examine the case of the inner mode at 10°C. Based on the data presented in
Figure 10(a), the SMSR for both experimental setups exhibits a gradual increase starting at 10°C, reaching
its peak value around 310 mA for both OSAs. Subsequently, the SMSR stabilizes within a range of 22.5 to 26
dB. This indicates a clear dominance of the inner mode over the side modes within this operational range,
a noteworthy result for our laser setup.

After the threshold current is reached, the inner mode maintains its SMSR values within this range, despite
intense mode competition. This is evident from Figures 10(a), 10(b), 10(c), and 10(d). This stability is
critical because, according to medical consultations [35, 84], the VOCs targeted by the intended laser sensor
require sensitive spectroscopic conditions for accurate detection. As also highlighted in [6], maintaining a
specific mode intensity at a given injection current and temperature is essential for proper sensor function.

The consistent presence of the inner mode above the threshold current across all temperatures, as
demonstrated by SMSR measurements, is crucial for the intended application of this laser system as a
spectroscopic sensor. This stable, dual-mode operation underscores the precision of our fundamental
principle, warranting specific emphasis.

For the sake of clarity, the differences in intensity levels between the inner mode and the equipment are
shown in Figures 11(a) and 11(b). It is clear that the maximum value of the difference between the two
modes is less than about 0.75 dB in all cases.

4.d. Validating Intensity Profiles of Outer Mode

The experimentation yielded interesting results for the outer mode, under the same parametric conditions
outlined in earlier Section 2.f. It is observed that the pattern of the outer mode's existence displays a
somewhat similar trend, albeit with a different level of intensity, as seen in the outcomes for the inner mode.
This is clear from Figures 12(a), 12(b), 12(c), and 12(d). An increase in temperature shows a strong
correlation with intensity in all cases shown in Figures 12(a), 12(b), 12(c), and 12(d).

For the sake of consistency, we see the intensity of the outer mode at 10°C in Figure 12(a). The SMSR for
the outer mode with the Thorlabs OSA is in the range of 22.58 and 25.96 dB once the threshold value of the
injection current is attained. This means that the outer mode sustains a high value during intense mode
competition. This intense value at the output mirrors the intense sensitivity of the anticipated sensor setup.

As with the case of the inner mode, after the threshold current is reached, the outer mode maintains its
SMSR values within this range, despite intense mode competition. This is evident from Figures 12(a), 12(b),
12(c), and 12(d). For proper sensor function, this sensitivity and stability are of importance.

To clarify, the differences in intensity levels of the outer mode, measured with both equipment setups, are
illustrated in Figures 13(a) and 13(b). These figures demonstrate that the maximum difference between the
mode intensities is less than approximately 0.75 dB in all scenarios.
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Figure 10: Comparison between the SMSR values of the inner mode M; for experimental systems with Yokogawa OSA and Thorlabs
0SA, with increasing injection current, at various values of temperature of (a) 10°C, (b) 15°C, (c) 20°C, and (d) 25°C, respectively.
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Fig. 11: Comparison of differences between the SMSR values of the inner mode M; shown above in Figure 10(a) (corresponding to
10°C), Figure 10(b) (corresponding to 15°C), Figure 10(c) (corresponding to 20°C), and Figure 10(d) (corresponding to 25°C), in (a)
2D, and (b) 3D, respectively.

4.e. Illustration of Both Modes

Based on Figure 12(a), M, reaches a specific SMSR at 10°C before M. This suggests that M, experiences less
competition from side modes compared to Mi. Several factors contribute to this behavior. The outer mode,
generated by the outer cavity, is solely defined by FBG.. In contrast, the inner mode, originating from the
inner cavity, is influenced by both FBGi and FBG.. Consequently, the SOA requires a certain injection current
for FBGo to reach its lasing threshold (outer cavity), while FBGi requires additional current to reach its own
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threshold (inner cavity). We therefore anticipate Mo to exhibit greater intensity stability compared to M, a
result stemming from the cavity optomechanics investigated here for two specific wavelengths.

At 15°C, both modes shown in Figure 12(b) exhibit comparable behavior: Mo reaches SMSR at a threshold
current of approximately 345 mA, a value similar to that observed for Mi. This consistency merits further
consideration. This behavior appears to be related to quantum mechanical effects and the thermal
expansion of the resonator at higher temperatures [21]. The resulting alteration of the wavelength or mode
arrangement within the resonator is directly tied to the fundamental properties of the semiconductor
crystal itself [22, 75]. As discussed earlier, this is a consequence of the red shift.

At 20°C, experiments yielded comparable results for both devices, revealing an intriguing phenomenon: M;
reaches its SMSR at approximately 370 mA, while M, achieves its SMSR around 385 mA. This indicates that
the inner cavity reaches its SMSR before the outer cavity, a consequence of blue shift, as noted earlier.

The behavior of SMSR with respect to injection current varies significantly across the tested temperatures
for both experimental systems. At 20°C, the SMSR for both the inner and outer cavities continues to rise
beyond the threshold current. However, at 10°C and 15°C, the SMSR values for both cavities remain
relatively constant at a certain level. This difference stems from the effect of injection current on the SOA
gain profile, as detailed in [37]. Higher injection currents shift the peak of the SOA gain profile, thus altering
the relationship between the set wavelengths and the gain maximum.

At 25°C, the SMSRs of the inner and outer cavities reach their maximum values at approximately 405 mA
and 420 mA, respectively, following the trend described previously. Post-peak, the SMSR of the outer cavity
increases further, while the inner cavity’s SMSR unexpectedly decreases. While subtle variations in
rotational and vibrational spectra [34, 35] may contribute to this divergence, a definitive explanation
requires further investigation.

To understand the difference between the intensity levels of the modes, it is essential to acknowledge their
existence and the measurement protocols used. Both modes exhibit intense competition at various values
of SOA injection current and temperature. This can be measured to a certain extent with the help of the
0SAs. To accurately measure the fluctuations in intensity of the inner and outer modes in comparison to the
side modes, the measurement equipment must be sensitive enough to yield a reasonable result.

As both Yokogawa and Thorlabs OSAs operate within the frequency range, the former provides an accuracy
in wavelength of £0.04 nm, from 1520 to 1580 nm. However, this holds at an ambient temperature of 23.5°C
[66]. Although the room temperature falls within this range, the SOA’s input parameters are in the range of
10°C to 25°C, a range that differs somewhat from these values. This means that the light flowing inside the
experimental setup does not strictly follow the temperature pattern which is specified by the manufacturer.

Additionally, an FBG has been in constant use over time for various types of investigation. As a mechanical
device, this implies a slight adjustment in the FBG outcomes, which may lead to differences in values. For
this purpose, we decided to perform a prior hysteresis analysis on outcomes of both the FBGs, one by one,
and have presented them in Figures 7 and 8, with an in-depth discussion in Section 3. Another reason that
may restrict our results for the SMSR of both modes is the construction of the measurement devices [66,
69].

The Yokogawa OSA is based on the principle of a Michelson Interferometer. Here, the light is split into two
beams, with one beam undergoing a variable optical path length change, while the other serves as a
reference. These beams are recombined, creating an interference pattern that is analyzed to determine the
wavelength components of the incoming light. This is the working principle of a Michelson interferometer,
which is commonly used in spectrometers for high-resolution wavelength measurement and has a level of
accuracy of approximately +0.4 dB under specific device settings. The same is true for Thorlabs OSA, which
operates on the principle of the Michelson Interferometer, and, beyond the presented results, restricts our
outcomes under intense mode competition, especially at the threshold scenario [70, 71].
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Fig. 12: Comparison between the SMSR values of the outer mode Mo for experimental systems with Yokogawa OSA and Thorlabs

0SA, with increasing injection current, at various values of temperature of (a) 10°C, (b) 15°C, (c) 20°C, and (d) 25°C, respectively.

4.f. Discussion and Interpretation of Results

To illustrate these trends, the SMSR for selected injection currents at all examined temperatures is shown
in Figure 14.
When the SOA is supplied with 350 mA of injection current, the SMSR of both FBG; and FBG, remains

constant, respectively, at the start (Figure 14(a)). After 15°C, the SMSR of both modes decreases. A thorough
analysis of this phenomenon again leads to the identification of quantum mechanical effects [36, 83, 84].
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Fig. 13: Comparison of differences between the SMSR values of the inner mode M; shown above in Figure 12(a) (corresponding to
10°C), Figure 12(b) (corresponding to 15°C), Figure 12(c) (corresponding to 20°C), and Figure 12(d) (corresponding to 25°C), in (a)
2D, and (b) 3D, respectively.
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As the temperature increases, the semiconductor crystal expands, and its physical dimensions begin to
increase. This, in turn, increases the length of the cavity in which this phenomenon takes place. This means
that a mode (wavelength) that had been resonating earlier at a specified point changes its location. A mode
that previously existed at a wavelength of x, now attains a wavelength x + x1. Following this principle of
expansion of the semiconductor crystal, all the modes that lie in this wavelength range move to higher
values. Because of this phenomenon, the modes generated via FBGi and FBG, would also be displaced. The
value of this displacement strictly relies on the properties of the semiconductor, which is InGaAs in our case.

As the average distance between the atoms inside the cavity increases, their electrostatic potential energy
decreases. This explicitly lowers the band gap energy, thereby increasing the wavelength and the refractive
index of the semiconductor. Therefore, the value of the wavelength reduces.

In the same figure, the SMSR drops for FBGi earlier than that for FBGo. One reason for this is the greater
cavity length of FBG; as it encompasses FBGo in it. When the temperature of the semiconductor remains
below the threshold, a significant number of charge carriers (electrons) are present inside the energy band,
because of which they tend to occupy those states that lie away from the band edge. As the Fermi energy
level lies close to the valence band [82], we see transitions within the bands. As the temperature increases,
free electrons and holes are generated, resulting in a corresponding shift of the Fermi level. Because of these
intra-valence-band transitions, the energy increases, reducing the wavelength, a phenomenon commonly
referred to as a blue shift [85, 86]. It is essential to comprehend this principle and its interplay within our
system.
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Figure 14: Comparison of the SMSR trends at various values of temperature, when both FBGi and FBG, are provided with an injection
current of 350, 450, and 500 mA, respectively.

When two materials with differing Fermi levels are brought into contact with each other, a fundamental
physical process occurs in which electrons migrate from the material with the higher Fermi level to the
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material with the lower Fermi level. This process of electron transfer continues until the Fermi levels of
both materials reach an equilibrium. This means that the Fermi level of the material initially at a higher
level decreases, whereas the Fermi level of the material initially at a lower level increases [87].

In this case, the Fermi level indicates the energy level at which the probability of an electron occupying a
state is 50%. Thus, whenever two materials with different Fermi levels come into contact, this redistribution
of electrons is a natural process driven by the tendency to achieve thermodynamic equilibrium in the lasing
system.

For systems incorporating optical and electronic devices, such as those featuring FBGs and SOAs, the
distinct material properties and corresponding Fermi levels present specific challenges. FBGs and SOAs are
made from different semiconductor materials, and each of these materials has its own characteristic Fermi
level [82, 88]. Once these materials have been integrated into a single system, the flow of electrons between
them can result in intense mode competition. This can thereby affect the behavior of the optical modes at
various temperatures and currents.

Such an interplay between semiconductor materials affects how they interact and function within the
device. In other words, the differing Fermi levels can cause shifts in the operating characteristics of the
devices under test, resulting in unusual behavior in the observed modes. This is exactly what we have
noticed here. As a consequence, the performance of components like FBGi, which intensely relies on this
phenomenon within the system, drastically impacts the SMSR.

This impact holds extreme importance in the sense that achieving the maximum SMSR for FBGi requires a
higher energy input. This additional energy compensates for the mode competition and the shifts in mode
behavior caused by the interactions between the FBG and the SOA. The graph illustrates that more energy
is required to optimize the value of SMSR in FBGi, demonstrating the practical implications of Fermi level
adjustments and their effect on the operation of our dual-mode device. An understanding of these minute
dynamics is crucial for fine-tuning our device’s performance and ensuring an efficient operation in similar
systems that involve multiple semiconductor materials.

At 450 mA, the SMSR of FBGi drops in the same manner as in the earlier case above. This is because of the
greater resonance area of its cavity. However, the SMSR of FBG, remains between 25 and 22 dB. This is
primarily because FBGo has reduced cavity length at this value of SOA current, and a rise in temperature
does not significantly influence the intensities of the side modes, despite their locations having altered.
From a sensor’s point of view, this means that the outcomes at this level are less affected by temperature,
allowing the device to be used within this range for results with higher sensitivity. This is one of the
desirable features of a medical device.

At 500mA, we see something interesting. The SMSR of FBG, exhibits a drop similar to that of FBGi in the
previous case. First, this means that FBGo is prone to temperature variation at higher values of SOA injection
current. At this point, side modes start showing an increase in their intensity that somehow shuns the SMSR
of FBGo. A direct consequence of this mode competition is obvious from the SMSR trend of FBGi. Here, the
resonance length is greater than that of FBGo, and the mode competition strikingly appears in the ranges
from 10-15°C and 21-25°C. It is evident that the intensity of side modes increases; however, it is not possible
to obtain more information about the side modes due to the aforementioned reasons, as outlined in the case
of 15°C.

3. Conclusions

Our work involves a laser-based experimental setup designed for use in biomedical sensors. We attempt to
use two wavelengths (modes) instead of one, due to the aforementioned reasons, which enhances the
system's sensitivity. This significantly enhances the system’s performance as an anticipated biomedical
sensor, and mandates an intensive investigation of the FBGs. We start with precisely checking the splice
points in the system. With FBGs being one of the core passive components in the system, a rigorous and
successful hysteresis analysis of both these passive devices is performed, yielding a maximum difference of
0.11 nm and a stability time of 10 hours for all cases.

This is succeeded by a painstaking investigation of SMSR. An intense mode competition is revealed after
analyzing SMSR at various values of injection current and temperature. The final value of SMSR is found to
be almost identical across all temperature values, providing a mandatory validation of the idea behind using
two wavelengths in the laser setup for a biomedical system. This means that the sensor principle can
accurately detect and provide information about the amount of substances in the respiratory breath within
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the specified operating range. The inner mode experiences intense mode competition compared to the outer
one, particularly at higher temperatures and currents, in correlation with cavity optomechanics and
quantum mechanical effects in our experimental setup. M; attains its respective SMSR after M, at lower
temperatures (10°C and 15°C), whereas we experience the opposite at 20°C and 25°C, thereby mirroring
the technical role-play of red shift and blue shift in a dual-wavelength system. The entire experiment was
thoroughly cross-checked with various measurement equipment, yielding an intensity difference of less
than 0.75 dB for both Mi and Mo, which validates our findings. In this manner, the impact of temperature on
these technical features of cavity optomechanics has been explored, playing a vital role in understanding
and operating multiple modes in our system.

We have also examined the effects of temperature variation on the change in length of the dual-mode cavity,
thereby providing valuable information about a significant change in the resonating wavelength of the
InGaAs semiconductor. This helps uncover the phenomenon behind thermodynamic equilibrium in the
given system. With an anticipated sensor in mind, the final value of the SMSR for both modes is expected to
be stable, which has been satisfactorily demonstrated in this work through multiple investigations and
supported by technical findings.
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