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Abstract: The design of an intracavity spectroscopy based two-mode biomedical sensor involves a
thorough investigation of the system. For this purpose, the individual components that are present
in the system must be examined. This work describes the principle of two very important gadgets,
namely the Fibre Bragg Grating (FBG), and the tunable coupler. We adhere to a Petri network scheme
to model and analyze the performance of the FBG, and the results mirror strikingly low difference in
the values of Bragg Wavelength during its ascending and descending operational principle, thereby
maintaining the accuracy of the sensor’s results. Next, a pseudocode is developed and implemented
for the investigation of the optical coupler in LabView. The values of its maximum output power are
determined, and the coupling ratio for various values of controlling voltage is determined at three
different wavelengths. The hysteresis results mirror an extremely low difference between the forward
and reverse values in the results. Both the results of the FBG and the coupler are thereby extremely
reliable to use them in the laser system, as evident from the respective intensity noise outcomes, as
well as the experimentation on substances of interest (Dichloro Methane and Propofol).

Keywords: intracavity absorption spectroscopy; Fibre Bragg Gratings (FBGs); tunable coupler; cavity
optomechanics; two-mode sensor; relative intensity noise; semiconductor laser diode

1. Introduction

Considering the living conditions at present occasions, various procedures are being
created and explored to check these illnesses [1–3]. Since the pivotal centre of attention is
human life, the inquest stays focused on different aspects [4–7]. One of them is the air that is
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being breathed out of the human lungs. Using the information from this air, data in regards
to various sicknesses can be found out. An important tool in this connection that can be
utilized is spectroscopy, which helps in the examination of a specific material, potentially
recognized as Volatile Organic Compounds (VOCs) nicknamed biomarkers) [8–11]. This
in turn guides us to critical analysis regarding research in environmental and organic
disciplines [5,12–14], with substantially tremendous capacity in the future.

The current research originates from the hypothesis of intracavity absorption spec-
troscopy in which a material is put within the cavity of the laser [15–17]. The rudimentary
difference between this method and the conventional intercavity absorption spectroscopy is
that the latter method investigates the material of interest when it is placed outside the laser
cavity [7,18]. However, the former technique is based on placing the substance of interest
inside the laser cavity [19]. On account of this fact, investigation hereby reveals that this
technique is extremely susceptible even to little changes in the material [20,21], in contrast
with intercavity spectroscopy, as said material is put within the cavity. This phenomenon
can be used to understand minute variations in said substance, after being placed inside
the laser cavity [22,23]. This is a very tempting behaviour which can be extrapolated in
a biomedical sensor. As a result, the technique of intracavity absorption spectroscopy
throngs attention from the investigators [24,25]. Therefore, this is the foundation of our
laser based system. It has been recently reported that multiple modes can be confined in a
nanocavity using metamaterials, and the strength of their electric field is very high [26–28],
which motivates us to use more than one modes inside our proposed sensor setup. Our
endeavour is to utilize two modes (frequencies) which makes the measurements more
sensitive. Initially, the utilization of single mode does not provide effective outcomes. Thus,
a dual mode framework provides more sensitive and accurate results. Afterwards, utilizing
many modes is prone to increase the price and complexity of the anticipated biomedical
application, which should not be helpful for the pragmatic viewpoint. Based on these
arguments, this work attempts to utilize a dual mode framework, which is the first of its
kind until now [15,29,30].

The principle of Fibre Bragg Gratings (FBGs) and controlling their wavelengths have
been continuously used in the past for various applications in sensors [31,32]. The effi-
ciency of a setup with FBGs can be improved by governing the devices with the aid of an
automated mechanism which is helpful in saving much time and effort [33]. During the
design of long gratings, selected etching techniques can be combined with fibre cladding to
precise the amount of light which is being emitted from their respective wavelengths [34].
This work at the miniaturized level has been done since the aberration techniques became
technically feasible [35], and was enhanced to high resolution images to explore samples in
the laboratories [36]. Recent advancement in FBGs extends their applications to holograms
that are currently being manufactured, tested and characterized in various forms [37].
On account of these techniques, the FBGs have been extensively used to detect various
physical, chemical and biological parameters that might not be possible otherwise, without
supplemental gadgets, which is supposedly not desirable for any sensors in the current
world [32], in particular the health industry [38].

2. Experimental Setup

The laboratory system for this work has been elaborated in Figures 1 and 2. This
contains a Semiconductor Optical Amplifier (SOA), from which light is emitted in both
directions in the Near Infra Red (NIR) range (1541–1545 nm). To intensify its output, the
principle of optical reflection [17,39] has been created with the aid of loop mirror on one side.
Thus, the output is provided into two Fiber Bragg Gratings, namely FBGi (FBGl/FBG1)
and FBGo (FBGh/FBG2). These are in reference to the inner (lower wavelength) and
outer (higher wavelength) cavities, respectively. These are separated with the help of
optical couplers, VCi and VCo, which distinguish the two wavelengths (modes) Mi and
Mo, respectively.
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Figure 1. Experimental setup of the sensor laser under investigation, with the Fibre Bragg Gratings
(FBGs), Semiconductor Optical Amplifier (SOA), Fixed/Variable Coupler (FC/VC), loop mirror,
isolators (for light flow in single direction), Optical Spectrum Analyzer (OSA) and Collimator (for
substance) (Reprinted with permission from [17], Copyright 2021 IEEE).

Figure 2. Electrical output of the laser system, consisting of Optical Receiver (PIN-PhotoDiode (PD),
Bias-Tee and Low Noise Amplifier (LNA)), Voltmeter and Electrical Measurement System (Electrical
Spectrum Analyzer (ESA) or Oscilloscope).
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The SOA is supplied with injection current from the Laser Diode Controller (LDC), which
also controls the temperature [40,41]. The collimator is the sample holder where the substance
of interest can be placed. Isolators ensure unidirectional flow of optical light, for instance into
the Optical Spectrum Analyzer (OSA), for the sake of measurement purpose [10,42–44].

The photodiode collects the light from the laser diode sensor. The electrical signal
output from the photodiode contains DC signal as well as AC signal. To prevent saturation
of the RF amplifier, the DC signal is filtered by using high frequency bandwidth Bias Tee.
The DC signal from Bias Tee is measured using Digital Multimeter (DMM) and is equal
to the average photocurrent Ip, which is proportional to the mean optical intensity. The
AC, which is proportional to the intensity noise of the laser, is amplified by Low Noise
Amplifier (LNA). It is displayed and measured using radio frequency Electrical Spectrum
Analyzer (ESA), whose attenuator can be set at 0 dB for high sensitivity measurement. The
ESA [45] has a minimum resolution bandwidth of 10 Hz and typical noise figure of 21 dB @
3 MHz resolution bandwidth.

3. Fibre Bragg Grating

Fiber Bragg gratings are optical interference filters which are inserted in a glass carrier.
They are composed of dielectric layers with alternating high and low refractive index.
The thickness of the layers is selected so that partially reflected light waves construc-
tively interfere at the interfaces of the layers. The refractive index provides a sinusoidal
relationship of

n(z) = n0 + ∆n sin
(

2π

Λ
z
)

, (1)

which can be periodically varied. Λ is the period length, ∆n is the modulation amplitude
and n0 is the average refractive index in the modulated range. Figure 3 shows the schematic
structure together with the description of the path difference in an FBG. When a light
wave of higher refractive index enters, it is partially reflected, and this reflection becomes
maximum when the phase difference between the waves is a multiple of the wavelength.
In the case of an FBG, the path difference becomes

∆ = 2Λ cos θ. (2)

This leads to the Bragg condition,

2n0Λ cos θ = mλm, m = 1, 2, 3, ..., (3)

where Λ is a given lattice constant, θ is the angle of incidence, and λm is the wavelength at
which the reflection is maximum. The sinusoidal refractive index profile can be viewed for
the first order m = 1, from where the Bragg wavelength condition can be calculated as

λB = 2n0Λ cos θ. (4)

The Bragg wavelength λB is highly dependent on external influences. Mechanical
elongation and temperature change ∆T particularly affect the Bragg wavelength. As a
simple approximation, this dependence can be stated as

∆λB
λB

= CSεS + CT∆T, (5)

where CS is the strain sensitivity, CT is the temperature coefficient, and εS = ∆L
L is the

relative elongation of the fibre [46].
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Figure 3. (a) Schematic representation of the FBG’s sinusoidal refractive index modulation of the length L.
(b) The path difference is composed of the distances ∆

′
and ∆

′′
, so that: ∆ = ∆

′
+ ∆

′′
= 2Λ cos θ.

The strain may be used as an adjustable parameter for the fibre Bragg grating. This
dependence of the Bragg wavelength is used to realize the concept as a tunable optical fil-
ter [40,41,47]. In the course of the work, however, the temperature effects are not negligible,
and represent a particular challenge in terms of control.

The FBGs have an important function in the system design, as they help to form
narrowband wavelength selective mirrors in the system. These are needed to generate
the two laser modes (wavelengths) with the semiconductor optical amplifier. Therefore,
the special structure of the FBGs used is presented here, and afterwards, how they are
controlled in the overall system.

The internal structure of the tunable FBG from Advanced Optics Solutions [48] is
schematically shown in Figure 4. The FBG is embedded into a holding device whose length
can be controlled (stretched or elongated) by a stepper motor. As shown in Equation (5),
the Bragg wavelength is dependent on the elongation of the fibre. From the rotation of
the stepper motor, this results in a direct change of the Bragg wavelength. An integrated
controller realizes the communication between the stepper motor (through the stepper
motor’s driver) and a computer. This system is used as an interface to the Universal Serial
Bus (USB).

Due to the high temperature sensitivity of FBGs (again in accordance with Equation (5)),
there is additionally a temperature sensor in the housing of the adjustable FBG (not shown
in Figure 4), in order to allow temperature compensation. The parameters of the temper-
ature compensation can be determined by the vendor during its manufacturing phase,
and stored in a look-up table [48–50]. The temperature compensation of the FBG used is
therefore performed by calling a function and using the the look-up table that is provided
by the vendor.

Figure 4. Schematic representation of the internal structure of the tunable fibre Bragg grating. The
fibre Bragg grating fixed in a holder can be stretched or compressed by a stepper motor. As a result,
the Bragg wavelength of the grating changes. The stepper motor is controlled via USB. Details of The
protection mechanism can be found in [50].
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Furthermore, two protective casings serve as protection against over-stretching of
the fibre and thereby ensure safety of the device during its operation. According to the
manufacturer, the correct function of the light control over the FBG can be tested manually
as follows.

1. Perform reference test.
2. Now the Position = 0.
3. Rotate about 200 steps in negative direction—no more!.
4. Here the light barrier (limit) triggers.
5. The position is now −200.
6. Now again perform reference test.
7. The position is again reset to 0.

This sequence is carried out automatically by the provided software when the Home
function is called.

3.1. Operational Principle

The communication between the FBG and the computer is established via the serial
USB 2.0 interface. To adjust the Bragg wavelength, a dynamic link library (DLL) is available.
This contains various functions, which can step-wise measure and control the wavelength,
temperature or speed. The manufacturer of the FBG, Advanced Optics Solutions GmbH
has a software which is developed for this purpose and can be controlled directly [50].
Using this software, the Bragg wavelength can be adjusted through the speed of the stepper
motor (for stretching or compressing). In addition, a temperature compensation mechanism
in the software is implemented, through which the set Bragg wavelength is monitored
every 60 s, depending on the temperature, and adjusts with the help of a compensation
function underneath.

For an automated control in the overall system, the software of Advanced Optics
Solutions can not be used because no programming interfaces are available. For this reason,
the three main functions (setting the Bragg wavelength, controlling the speed control of the
stepper motor, and temperature compensation) are simulated using the dynamic library in
LabVIEW. LabVIEW is used for this purpose in version 18.0.1. [51], which recognizes the
individual functions in the DLL and executes them appropriately.

Both for characterization and for use in the sensor setup, the FBG can be modelled by
a series of parallel processes [52,53]. A process controls the setting of the Bragg wavelength,
and the stepper motor speed, while the other process performs temperature compensation.
Here, the Bragg wavelength is adjusted at any time, whereas after a certain time tK, a
temperature compensation step is performed. For the laboratory setup, a time constant of
tK = 45 s is used.

To model these parallel processes, it is suitable to use them particularly as descriptions
of the discrete Petri net. With the possibility to run several states in Petri nets at the same
time, this is preferred automatically by the state machines.

3.2. Modeling as a Petri Network

A very good introduction to the theory of Petri nets and a detailed derivation and
description of the notation used thereby is given in [54]. A Petri network N is formally
described by a six-tuple equation

N = (P, T, A, ω, κ, M0), (6)

wherein,
P is a finite set of points in a graph, P = {p1, p2, ..., pn},
T is a finite set of transitions T = {t1, t2, ..., tn},
A ⊆ (P× T) ∪ (T × P) is the flow relation for edge definition,
ω : A→ N is the weight function of the edges,
κ : P→ N is the capacity function of the task, and,



Appl. Sci. 2022, 12, 1856 7 of 21

M0 : P→ C ∪ {0}is the initial marking function.
As a model for the control of the FBG, the Petri net is used in Figure 5. It contains

six points and six transitions. The initial marking of the graph is M0 = (101000). Math-
ematically, the graph in Figure 5 fully described by the so-called incidence matrix IFBG
(Equation (7)) [54]. It specifies as to when and which value of weight can be provided to
the transitions.

IFBG =



−1 1 −1 0 0 0
1 −1 1 0 0 −1
0 0 0 −1 1 0
0 0 0 1 −1 0
0 0 1 −1 0 0
0 0 0 0 0 1

 (7)

Figure 5. Petri network for modelling the parallel control of the FBG.

In the graph, ...
p1: FBG is set to the idle/neutral state (available for adjusting the Bragg wavelength)
p2: FBG is set to a setting process
p3: OSA is in idle/neutral state and is ready to measure
p4: OSA is in measurement mode, waiting for the results
p5: Auxiliary/Help status for timeout
p6: FBG-Error due to its Bragg wavelength setting.
Since in a Petri network no fixed time for the switching behaviour of the transitions

must be determined, this model can be universally used for the control. It first serves as a
template for programming a control characterization and later as a model for the automated
control of the overall system.

3.3. Implementation of the Control of the FBG in LabVIEW

As shown in the previous section, the control of fibre Bragg grating involves running
two processes simultaneously. For the purpose of modelling this can be formally considered
by a Petri net. In practical implementation, however, no real parallelism can be achieved for
purely technical reasons. For instance, this is because of the fact that the serial USB interface
already prevents the parallel communication. Since the FBG and the OSA are relatively
slow with respect to the communication speed, a quasi-parallelism can be obtained. When
programming, the so-called threats have to be used for practical purposes. These control
the execution of multiple processes and thereby ensure an error-free communication.

In LabVIEW, the quasi-parallelism is easily performed by two separate loops [51,55].
This is why the complex representation of a pseudo code is not used at this point. Instead,
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the implementation of the Petri net in Figure 5 is shown as a characterization procedure of
the fiber Bragg grating in the Appendix A in Figure A1.

3.4. Results of the Characterization of the FBG

In Figure 6, the results of measurements of three fibre Bragg grating are shown. It
shows the comparison between the Bragg wavelength λ which is set by software and the
actually measured Bragg wavelength λ which is measured at different points. A step size of
0.1 nm and 0.2 nm was chosen. For the sake of confirmation, reproducibility and accuracy,
the latter was measured twice [56,57]. The curves marked in the legend with V and R
represent the ascending (increase) and descending (decrease) in wavelength, respectively.
The curves show here a linear dependence between the Bragg-wavelength-difference and
the actually set wavelength. When the Bragg wavelength is set to 1538 nm, the deviation is
between 0.1 and 0.25 nm. The minimum wavelength difference is reached when the FBG is
working at about 1541 nm. If the Bragg wavelength is set to around 1546 nm, the actually
measured wavelength is greater than the set one and a negative wavelength difference of
up to −0.25 nm can be observed.

This behaviour could be caused by the control concept of the manufacturer. It is assumed
that the fibre Bragg grating is optimized for the production of a working software[58], and a
linear approximation around this regime is therefore, provided. Table 1, therefore, provides
the parameters of the linearised curves that are shown in Figure 6. The slopes of all the curves
are between 0.037 and 0.047. In view of these reasons, for the control of the fibre Bragg gratings
in the overall system, this behaviour must be taken into account, which has been discussed in
detail with the technical team of the vendor.

Figure 6. Measurement of wavelength difference between the set and measured Bragg wavelengths.

Table 1. Parameters of the linearly adapted FBG difference characteristic curve. a is the slope and b is
the intersection point at the y-axis. MSE is the mean squared error of the linearization.

No. Step Size Direction a b Mean Squared Error (MSE)

1 0.1 nm V −0.048 73.62 0.0194

2 0.1 nm R −0.047 72.70 0.0088

3 0.2 nm (a) V −0.037 56068 0.0184

4 0.2 nm (a) R −0.037 57.63 0.0107

5 0.2 nm (b) V −0.045 69.73 0.0078

6 0.2 nm (b) R −0.039 60.54 0.0090
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4. Variable Optical Coupler

Another essential component of the sensor system is the adjustable/variable optical
coupler. It is used in the system in order to couple light from the broad-band resonator.
This allows us to control the intensity of the modes that are generated by the respective
fibre Bragg gratings. This is particularly important in order to artificially regulate the two
modes to the same intensity. This means that the technical structure of the optical coupler
used and its control should be discussed in detail.

4.1. Operation of the Tunable Optical Coupler Used

The general operation of an optical variable coupler is described here. By using a
variable coupler it is possible to change the coupling length, and thus the coupling ratio.
As a rule, this is achieved by a mechanical device. The coupler used by Evanescent Optics
Inc. (Evanescent, Burlington, Canada) [49,59] serves two degrees of freedom; a micrometer
screw in front of the coupler and a piezoelectric actuator.

The polished optical fibres are hereby inserted into a carrier (casing) plate. These
support plates allow a transverse adjustment of the fibres, and, resulting in the displacement
of the separating distance between the two fibre cores. An additional layer of oil ensures
a smooth movement of these carrier plates. The fact that whether this oil also serves as
a ‘matching oil’ between the polished fibres [60], cannot be answered on the basis of the
manufacturer’s information.

The micrometer rotation is transmitted to the carrier plates as a transverse movement
via a toggle system. This means that upon rotation of the micrometer screw to 0.0254 mm,
a transverse displacement of one of the two carrier plates to about 1 µm takes place [52].
This changes the distance between the two fibre cores and thus the coupling ratio.

This type of approach has a few limitations. The coupling ratio is defined by the use of
a toggle lever system with a mechanical slot and associated with a hysteresis phenomenon.
This is reinforced by additional hysteresis effects of the piezo-actuator. Thus, one can assign
a specific micrometer position or input voltage, but not a fixed coupling ratio. Furthermore,
the coupler is not suitable for fast switching. According to the manufacturer, generating
a 1 Hz square-wave signal is still possible [52,61], but a filter with a time constant of
20 ms is integrated in the piezo-controller. Although this filter is a limiting factor for
later miniaturization, it can be neglected in further consideration at this level, since it is
significantly faster in the laboratory than the spectrum analyzer [47] which is being used in
the laboratory.

4.2. Controlling the Variable Optical Coupler

The control of the actuator is accomplished by applying a voltage between 0 and 150 V.
The voltage is provided by controller 914-2 made by the company [52] Evanescent Optics
Inc. The coupler is connected to the controller at the output of piezoelectric (output port
916). In order to control the piezo-controller, a voltage between 0 and 5 V is required. This is
done by the data acquisition device LabJack U3-HV, provided by the same company LabJack
Corporation [51]. The analog output DAC0 by LabJack U3-HV is used. The maximum
output voltage is 5 V with a resolution of 10 bits. This corresponds to a minimum possible
resolution of about 4.9 mV. The output voltage of the LabJack is controlled by a dynamic
library (DLL) specified by the manufacturer. Through the LabVIEW graphical user interface,
the library is included in the programming environment and run on a Windows computer.

A simplified diagram of the structure for control and characterization of the variable
coupler is shown in Figure 7. The three outputs of the optical coupler (TP = Transmission
port CP = coupling port, Back = feedback port) can be connected alternately to an optical
spectrum analyzer (OSA). Yokogawa 6370C is used as a spectrum analyzer [47]. The
spectral wavelength range is from 600 nm to 1700 nm, with a resolution of 0.02 nm and
a dynamic range of 78 dB. The spectrum analyzer is connected via the General Purpose
Interface Bus (GPIB) and Agilent USB/GPIB adapter to a Windows computer.
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Figure 7. Schematic construction of measurement for characterization of tunable coupler.

For a complete characterization of the optical coupler, measurements are carried out
on all three connecting ports with variation of both degrees of freedom. The scale of the
micrometer screw is divided into 10 sub-blocks, each of 25 units. This results in 250 units
of the micrometer screw. Since an exact conversion of these units is not known, they are
referred to as arbitrary unit, abbreviated as [a.u.]. The starting point for the characterization
is when the micrometer screw is turned to the extent that almost all division lines under the
screw are covered. When the coupler is now used, about 10 to 15 units of the first sub-block
are still visible.

The characterized area of the coupler was chosen between 15 a.u. and 165 a.u. The
increment of the micrometer screw depends on the required resolution such as ten, five
or two a.u. With each selected micrometer setting, the output voltage of the LabJack U3 is
tuned such that the control voltage of the piezo-controller is between zero and four volts.
For this purpose, the voltage is varied linearly between zero and four volts, increasing from
four to zero volts and decreasing from four to zero volts, maintaining a step size of 0.1 V
either way.

Measuring the output power at the terminals TP, CP and Back (see Figure 7) is carried
out separately and one after the other with the help of spectrum analyzer. The measurement
can be interpreted as a type of procedure, shown as a pseudo-code in Algorithm 1.

Algorithm 1: Pseudocode for the characterization procedure of an optical coupler
1: Define ϕMStart , ϕMStop , ϕMStep , UKStart , UKStop , UKStep ∈ R+

2: for ϕMSet = ϕMStart , ϕMStart + ϕMStep , ..., ϕMStop , do
3: Turn Micrometer screw manually to ϕMSet
4: for Port = TP, CP, Back do
5: Connect Port with OSA
6: for UKSet = UKStart , UKStart + UKStep , ..., UKStop , do
7: Send UKSet to DAC (e.g., LabJack U3)
8: Wait until the Piezocontroller stops
9: Measure the Spectrum (OSA)
10: Transfer the Spectrum→ Computer
11: end for
12: end for
13: end for

The evaluation of the measured values was done using the scripting language Python
(version 3.8) [62–64] together with the packages NumPy 1.5.1, SciPy 1.19.0 and mat-
plotlib 1.0.1.

4.3. Results of Characterization of the Optical Coupler

Figure 8 shows the maximum output of the coupler as a function of the micrometer
screw and the control voltage. The black curves show the behaviour of the CP-ports and
the gray curves that of the TP port. For the sake of clarity, the back-port is not shown in
these figures.

If no control voltage is applied and the micrometer screw is turned, the coupler exhibits
a behaviour similar to that described in the literature [17,52]. The TP port falls while the CP
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port rises. This behaviour is well described by the couple-mode theory. There is another
observable effect in Figure 8. There are two local maxima of the CP port or two local minima
of the TP port. At this moment, where these effects come from could not be clarified within
the scope of this work.
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Figure 8. Representation of the maximum power output in dependence of the position of the
micrometer screw and the control voltage. The color-coded line shows the relevant work area for
this work.

Further, the output power at the micrometer screw position 134 is also marked in
Figure 8. This curve represents the working range of the optical coupler used. At this point
it is the best transfer behaviour for this work.

The shape of the curves varies depending on whether the control voltage increases
or decreases. Figure 9 shows the coupling ratio for three different wavelengths. It can
be seen that the starting behaviour of the TP and CP of ports has a significant hysteresis.
The threshold value of the hysteresis is about 1 V for both outputs. The hysteresis effect is
so strong that it can not be neglected in an automated control or regulation. In addition,
the coupler cannot be operated with a simple pilot control, since the hysteresis changes
depending on the micrometer position, the input power and time. For an accurate setting
of the coupling ratio, it is therefore necessary to measure the output power and readjust it
in a control loop.

Figure 9. Coupling ratio of the transmission output at three wavelengths (1538, 1542 and 1546 nm).
This evidence shows that the wavelength-selective coupling is negligible.
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5. Comparison of RIN Results

A correlation between the noise outcomes of the current system with those from
the Agilent existing system [65] will now be established. The temperature of the optical
amplifier is kept at 25 ◦C, and its current is increased from 110 to 125 mA, and the resulting
situation is depicted in Figure 10. One of the scenarios is depicted in Figure 11 when the
SOA is operated at 125 mA and 25 ◦C. Because of this arrangement, we could sustain a
wavelength difference ∆λ of 1.57 nm which was previously not possible. With the help of
VCo, the value of the intensity ratio between both modes is changed. It is observed that the
intensity of the outer mode Mo lessens in contrast to the intensity of the inner mode Mi.
This in turn starts reducing the value of RIN accordingly, and the trend continues till the
condition of mode equilibrium is reached (both modes with same intensities). When the
intensity of the outer mode Mo is still decreased, the value of RIN reduces. This value of
RIN waivers constantly between 4.7 and 5.3 GHz. A significant variation in RIN mirrors an
undamped relaxation oscillation frequency, probably because of the unstable laser condition
(sensor threshold due to SOA’s limits).

A view of the experimental outcomes from this investigation is provided in Figure 12
that mirrors worthwhile distinction. The magnitude of average RIN is significantly more
for our experimental system. In other words, we can state with confidence that our setup
gives precise and accurate data in terms of sensitivity when implemented. This is a very
desirable trait for any biomedical application. As a result, our results are in complete
agreement with with the ones that we have investigated and presented in this context, on
simultaneous grounds [66].

Figure 10. Illustration of both modes’ existence for SOA at 25 ◦C.



Appl. Sci. 2022, 12, 1856 13 of 21

Figure 11. Illustration of (a) mode competition in the setup, with SOA @125 mA and 25 ◦C, FBGi

@70 ◦C, FBGo @30 ◦C, and ∆λ of 1.57 nm, and, (b) corresponding RIN spectra under various intensity
ratios Mi/Mo.

Figure 12. Comparing average RIN from both measurement setups.
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6. Measurements with Substances

After the characterization and calibration of the system, said system is used to analyze
the substances. The sample holder is cleaned using Propanol [67,68], followed by a spray
of nitrogen gas, in order to ensure non-presence of any contamination. This is essential for
reliable and accurate measurements, and must be done before the commencement of each
experimentation with a different substance.

A prescribed amount of Dichloro Methane (DCM), 1 ml, is inserted in the sample
holder. Both FBGs are kept at the same mode spacing, where the entire procedure was
formerly done. With the help of the coupler, the intensity of both modes is kept at equi-
librium. We use propofol as the substance, and is gradually inserted in the sample holder
(that contains DCM) with a pipette. The optical output of the system is observed on the
OSA before and after inserting the substance, respectively, and the changed spectrum is
recorded. The amount of propofol is now increased on a continual basis, and the resulting
spectra are recorded, respectively. It is worth mentioning at this point that the substances
have been taken out of the refrigerator, and kept at normal temperature for some time,
before commencing with the experimentation. The complete procedure is repeated three
times, for the sake of consistency, and the results were averaged.

The mode intensity is plotted against wavelength, for increasing amount of propofol in
Figure 13. The first one shows the results at a mode spacing of 1.57 nm, whereas the second
one shows the outcomes at 1.07 nm. Since the amount of light output from coupler VCi
remains the same for both modes, keeping into consideration the effect of inner cavity, the
graphs are scaled to the highest value of Mi. It is observed that Mo subsides as compared
to Mi. This subsiding behaviour of Mo does not show a significantly non-linear effect, and
the value of its Full Width at Half-Maximum does not show any alteration throughout
this trend. After a certain point, the magnitude of Mo shows a slight rise. This originates
from mode competition, and is in accordance with the cavity optomechanics effect. After a
discussion with the technical team and two vendors of the OSA and the photodiode, this
can be interpreted as follows. The spectrum contains specific absorption lines, and the
width of each line is less than the Full Width at Half-Maximum of the complete wavelength
range under investigation. This could account for one of the effects that the magnitude
of the outer mode Mo tends to rise at the end. Next, a photodetector is a diode operated
in reverse, used to measure the light in terms of current. It is manufactured for an entire
series of wavelengths, instead of a specific one, unless it is specifically designed for a very
particular application that involves only one wavelength. For these reasons, the behaviour
of Mo changes with the mode spacing (difference between the wavelengths of both modes),
in the presence of propofol, with a slight rise in its magnitude at the end.

Let us check the response of the sensor system when the amount of propofol is varied.
Corresponding to the values of two mode spacing in Figure 13, the area under the curve
for each mode is calculated and then the ratio between these values for both modes Mo
and Mi is found, and plotted. This procedure is done separately for the mode spacing of
1.57 nm and 1.07 nm, respectively. To further enhance the procedure, the ratio of peak
values of both modes at the same values of mode spacing (1.57 and 1.07 nm) is found, and
their ratios are calculated, i.e., ratio of peak value of Mo to peak value of Mi. These values
are plotted in the same graph in Figure 14, with increasing values of molarity (moles per
litre). These experiments have been performed with varying substance quantity and SOA
current, we obtain the same output for these two techniques to analyze the mode intensity
ratio. In other words, the Full-Width at half maximum shows no dependence and stays
the same when the values of intensity are varied under different absoprtion conditions, a
highly desirable fact for the anticipated biomedical sensor. This can be further enhanced by
investigating the absorption lines independently, for which a much sensitive and expensive
device would be required, as the photodetector is not technically capable of performing
that task.
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Figure 13. Normalized output spectra of the laser system with absorption from Propofol (top) in
1 mL DCM at ∆λ = 1.57 nm and (bottom) in 1 mL DCM at ∆λ = 1.07 nm.

Figure 14. Variation of the mode intensity ratio (Mo/Mi) with molarity at ∆λ = 1.57 nm and
∆λ = 1.07 nm, corresponding to the situations in Figure 13, respectively.
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The detection of propofol can be done through single mode spectroscopic techniques.
Using paper spray ionization-mass spectrometry [69], this anesthetic drug has been detected
in blood sample by mixing it with methanol and dimethylphenol, and using the extraction
principle later afterwards with significant time slots. This involves expensive chemical
substances, as well as non-economical precipitating and vortexing equipment that leads
to infusion of these concentrations. In contrast, our method just utilizes two FBGs and
laser system to conduct the complete experimentation, within a small fraction of average
time. Moreover, the curve in [69] is calibrated and linearized in the measurement range of
50–100 µL, whereas it has a declining slope in this work, implying an increased sensitivity.
In a similar manner, gas chromatography-mass spectrometry using selected-ion monitoring
mode has been engaged for propofol detection in brain, liver and adipose tissue in post-
mortem [70]. This technique targets post-death procedures, and produces calibrated results
which are linearized in the range of 50 and 500 µL, with the limitation of limited precision
for three targets in the body only, whereas our work produces the actual results with a steep
slope in the same investigation regime. In another attempt, this agent has been detected in
the exhaled human breath by photoacoustic spectroscopy and the investigated metabolites
show interesting outcomes [71]. However, this has been done in the UV range, by using
costly gadgets. Since we target to do it in the NIR, the components are not very expensive,
thereby prioritizing the sanctity and cost-effectiveness of our method.

7. Conclusions

This work gives an investigation of a biomedical sensor for human well-being. In order
for proper functioning of the sensor, the semiconductor arrangement should be examined
for all the parts. Hereby, the FBGs have been examined in detail regarding their portrayal,
adjustment and specialized investigation. Utilizing the algorithmic scheme for the specific
device variables, the framework has been successfully analyzed in detail. The FBGs have
been controlled via Petri network modelling scheme, and the measurement of wavelength
difference between the set and Bragg wavelengths reveals negligibly small values.

Afterwards, the tunable coupler has been examined that controls the operation of the
FBGs by a piezoelectric actuator and micrometer screw. The coupler has been thoroughly
characterized by the schematic arrangement in Figure 7. This system is controlled by
LabView, and the measurement scheme is implemented according to the pseudocode
developed in Algorithm 1. This helps to analyze the maximum value of the output power of
the coupler in relation to the position of the micrometer screw and the applied voltage. Since
the sensor is destined for the wavelength regime in NIR, the coupling ratio is measured at
three different wavelengths, namely 1542 nm, 1538 nm and 1546 nm, respectively. These
results of the coupling ratio reveal that the wavelength-selective coupling is negligible, and
can be used with complete accuracy for the biomedical sensor setup. A scenario with a
wavelength difference of 1.57 nm has been investigated in detail, with a consistent output
power, and the effect of various values of intensity ratio on RIN, thereby justifying the
sensitivity of the sensor’s operation, and providing highly reliable piece of information,
likewise mentioned in [31].

A comparison of RIN results with earlier outcomes provides a close contrast between
the values which is quite encouraging [17,72]. We now attempt to check the values of RIN
at different values of SOA injection current and temperature. This would certainly help
in maintaining the sanctity of the results, thereby providing the biomedical sensor with
optimal accuracy during its operation. As remarked earlier, since the modes are highly
sensitive, we plan to use metamaterials in the future to confine them in our nanocavity.
In this perspective, the setup would be amended with the aid of Metal Insulator Metal
Insulator (MIMI) structures that could supposedly assist in the coupling and confining
gap surface plasmons trough the evanescent wave which produced by surface plasmon
polaritons, using the techniques that have been nicely developed in [26,27].
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Appendix A

Figure A1. LabVIEW program for the characterization of Fibre Bragg Grating.



Appl. Sci. 2022, 12, 1856 18 of 21

Table A1. List of symbols.

OSA Optical Spectrum Analyzer

ESA Electrical Spectrum Analyzer

SOA Semiconductor Optical Amplifier

FBG Fibre Bragg Grating

DMM Digital Multimeter

LDC Laser Diode Controller

RIN Relative Intensity Noise

LNA Low Noise Amplifier

MSE Mean Square Error

VCi/VC1 Variable Coupler corresponding to the inner cavity

VCo/VC2 Variable Coupler corresponding to the outer cavity

Mi/M1 Mode corresponding to the inner cavity

Mo/M2 Mode corresponding to the outer cavity

Kappa κ capacity function of the task

λ wavelength of light

λB Bragg wavelength

ω angular frequency

TP, CP, Back Coupler ports

Λ period length

∆n modulation amplitude

n0 average refractive index

CS strain sensitivity

CT temperature coefficient

εS relative elongation of the fibre

N Petri network

P finite set of points in a graph

T finite set of transitions

ω weight function of the edges

M0 initial marking function
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