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ABSTRACT The development of a biomedical sensor involves an extremely sensitive optoelectronics
system whose foundations lie on intracavity absoprtion spectroscopy. In order to make it convenient for
technical reasons to use this application based utility, we implement dual mode competition. All of the
components in this system must be investigated in detail. This work concerns with the design of the optical
receiver which is mandatory to understand and analyze the received signal. This has been effectively done
by designing an inexpensive system which replaces the existing Agilent based setup. Next, the performance
of the system has been investigated by using an important parameter Relative Intensity Noise (RIN). The
variation of injection current and temperature and their subsequent effect on RIN has been comprehensively
examined. This has been enhanced by an investigation of RIN as subject to the mode positions (values
of wavelengths) at which the framework is being operated. Through these considerations, the system’s
behaviour is understood in a much better way as they lead to an improvement in the sensor’s realization
with high sensitivity and stability.

INDEX TERMS Semiconductor laser diode, optical receiver, relative intensity noise, cavity optomechanics,
biomedical sensor.

I. INTRODUCTION
Using the principles of semiconductor lasers, biomedical sen-
sors can be designed for the detection of specific concentra-
tion of gases [1], [2]. We know that the precise determination
of trace gases in the air is a pioneering requirement on the
measurement technology to improve the quality of diagnosis
and treatment. Possible fields of application are developed
for this work alongside the sensor to the respiratory gas
and pollutant analysis [3], [4]. Often the substance to be
tested has concentrations in such a small amount that they
can be determined only qualitatively with advanced technical
equipment which is quite costly in terms of expense and com-
plexity [5], [6]. Thus the sensitivity of information received
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from the equipment is extremely important for the physicians
because small errors in accuracy can lead to severe damage
consequently.

In this work, we have designed a laser based biomedi-
cal sensor [8], [20] whose working principle is intra cavity
absorption spectroscopy [28]. The goal is to detect trace gases
for anaesthesiologists which is vital for every major operation
in the medical science. To date, the physicians decide to
estimate the amount of the medication using their experience
and numerous physical parameters like gender or weight on
one hand, or an approximate duration of the sickness of the
said patient on the other. It would be much safe and efficient
to conduct real-time monitoring of the narcotic in the breath,
which is based on the exhalation of propofol. This allows the
dose not to adapt during the operation and protects especially
the health of patients and reduces costs.
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On account of the recent advancements in the frame-
work of semiconductor lasers for long-haul transmission
networks, optical sensors have received gigantic research
enthusiasm for precise analysis in countless schemes
[1], [4], [9]. These have been utilized adequately to improve
attributes in anatomical purposes [10], [11]. In this manner,
they are specifically valuable for various purposes in organic
analysis [11], [12]. Explicit methods in optics empower con-
focal laser input Tomography that empowers doctors to com-
prehend the dynamics of their sick persons using portraits and
pictures [3], [5]. One of the fundamental system to diagnose
has been the parameter of noise in optics which enables
multivarious analysis [13]. In other words, an exact extraction
of laser noise is highly important as it enables the derivation
of reliable information from the setup. Besides, this piece of
information helps in understanding the laser’s function at a
specific moment [13], [14]. This demonstrates intensive com-
prehension and examination of the relationship between this
intensity noise and the electromagnetic components involved
in that situation.

An amount of information that has been attained from
intensity noise can be utilized in numerous dimensions
[2], [15], [16]. In terms of lasers, this information paves
ways to fabricate and characterize the functional properties
like wavelength modulation of the said device [11], [12],
[17], [18]. Likewise, the power sharing phenomenon dur-
ing mode hopping could be deeply analyzed in the lasers
which have the capability to operate in multiple wavelengths
(multimode operation), just like a tunable lasing device [15].
Based on the said properties, the property of intensity noise
investigates the laser in detail [13], [19], a fact that can be
extrapolated in practical applications of laser based sensors.
On account of these reasons, researchers are investigating
laser noise through various methods and strategies to enhance
the prospects of Relative Intensity Noise (RIN).

This subject is treated in recent work [8], [20], which
contains a main idea for an efficient optical sensor. Contrary
to the laser to operate in single-mode optical applications,
a multimode laser operation is provided for this sensor. Here
it is important to highlight that a multimode laser is not
only complicated in terms of understanding of the underlying
concept, but it also leads to various technical difficulties in
terms of its physical setup [21]. We need to comprehend
the existence of numerous modes, understand the intense
competition between them, and then record their data corre-
spondingly. To obtain this, the conception of multiple modes
demands extraordinary simulations that ought be done with
very advanced computational machines. This creates the first
problem. Next, in order to implement the system with more
modes, one needs a setup that is capable of detecting the
optical signal, identify mode competition very efficiently, and
then extract the relevant information in a minute span of time.

Therefore, these considerations have to be addressed
beforehand. The idea identified in [8] is the implementation
of two mode setup such that the modes can be set to a
stable equilibrium intensity which reacts strongly to changes

such as the injection current, the geometry of cavity struc-
ture or the temperature. In naive terms, both modes compete
with each other, and thrive strong for their existence. From
the change in the intensity of the three variables mentioned
above, worthwhile information can also be achieved through
RIN. This sensor opens up more areas of analysis methods
to the physicians which have so far been denied because
they do not achieve the sufficient robustness, efficiency and
accuracy [4].

To comprehend the idea and explore its vistas, the mode
competition has been analyzed under various wave-
lengths [20]. A view of the modes’ intensities with the
intensity ratio (difference between the values of the intensity
between both modes) yields an average value of the RIN rate
to be 0.1895 l/Hz which mirrors the strength of the mode
competition under this situation. Further efforts have been
made to control the entire mechanism centrally via software
schemes, and the results have been very encouraging [23].
This is essential as the purpose would be to deploy the
system in a real-time environment in such a way that the
physicians can continuously monitor their patients. Thus
the results that have been obtained with and without the
developed centralized mechanism have been discussed in
detail. The existence of both modes in minute time slots is
one of the targets that strengthens the stability of the sensor,
and work has been in progress to investigate it with the help
of a mechanical chopper [24]. The results have supported the
hypothesis that strong mode competition leads to intracavity
absorption spectroscopy, as both modes strive hard in this
connection [25]–[27]. In order to undergo its implementation
in the real time, a P300 brain computer interface scheme is
being developed with close collaboration with the biomedical
consultants in the hospitals [28] that will aid in a real-time
perspective once the product is fully functional.

II. EXPERIMENTAL SYSTEM
Investigation of intensity noise is a sensitive procedure
because minute variations during the experiment might trans-
late into significant variations in the output values [27], [31],
thereby causing tremendous changes in the results. This is the
reason that the entire process ought be performed carefully.

Figure 1 shows the setup of our dual mode fibre based laser
sensor which is being considered here [8], [23]. It comprises a
Semiconductor Optical Amplifier (SOA), two Variable Cou-
plers (VCs), two Fiber Bragg Gratings (FBGs), a loop mirror,
a collimator, and isolators. The inline SOA [43], which has
3 dB optical bandwidth of 45 nm (minimum) and typical
20 dB small signal gain at 1550 nm, together with loop mirror
and FBGi, forms an internal cavity, where as loop mirror and
FBGo form an outer cavity of the laser. The two FBGs, FBGi
and FBGo have 0.1% of loss and 3 dB bandwidth of 150 pm
at wavelengths λ1 = 1542.4 nm and λ2 = 1542 nm,
respectively. They are mounted on aluminium blocks for
temperature control. The VCs [35], whose coupling ratio can
be tuned from 0 to 100%, are used to couple out the light
in the fibre. Commercially available isolators are used to
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FIGURE 1. Experimental setup of the proposed biomedical sensor [8].

suppress the back reflections in the system, thereby ensuring
unidirectional flow of light at the said spots.

An FBG is an optical filter which has stop band centred at
Bragg wavelength λB = 2rψ , where r is the average mode
index and ψ is the grating period. A loop mirror is a reflector
which reflects its input entirely when counter propagating
light waves experience constructive interference. An optical
isolator blocks the reflected light back into the input side.
Most of the isolators use polarization effect to achieve this
goal [33].

When current is supplied to SOA, a multi-wavelength light
output is produced whose peak intensity occurs at a value
of 1.55 µm. The Laser Diode Controller (LDC) [43] can
regulate the amount of its input parameters (temperature and
input current), thereby the intensity of the spectrum varies
accordingly.

A part of the SOA’s output is divided with the help of
the VCi which controls the desired intensity. In this way,
the remaining optical intensity moves to the FBGi which
can filter (throw back) a portion of light. In the same way,
a part of optical intensity from FBGi is governed by VCo’s
coupling ratio. At the same level, FBGo rebounds some opti-
cal output in the cavity. Each FBG reflects optical intensity
according to the respective grating’s set wavelength (temper-
ature controlled configuration, 0◦C to 1800◦C) [45]. Thus
there are mainly two cavities in the setup, corresponding to
FBGi (FBG1) and FBGo (FBG2), as shown in the figure,
which correspond to the existence of two modes Mi (M1) and
Mo (M2), respectively. It is clear from the figure that VCi
regulates the intensity of the internal and external cavities,
while VCo regulates only the external cavity. The collimator
is used to place the sample holder in it, whose absorption
characteristics change the optical intensities of the respective
modes. This variation is noticed by detection of the inten-
sity noise, thereby justifying the operation of the biomedical
sensor.

In order to measure RIN, the setup in figure 2 has been
used. After conversion of optical intensity into electrical
intensity via photodiode, the DC (average value of the cur-
rent output) and AC (Low Noise Amplifier (LNA intensifies

its output further) components are bifurcated via Bias Tee.
Further technical details are provided in [46], [49].

The intensity variations in the sensor can be identified
through RIN

RIN(f ) =
N (f )
GAPLB

, (1)

where, N (f ) is laser intensity noise (value after substracting
dark noise and shot noise; GA is the gain of the preamplifier,
PL is the average power detected in the load resistor of
the photodiode, and B is the resolution bandwidth of the
Electrical Spectrum Analyzer (ESA). Light output is taken
from OSA, and a GPIB cable is used for interaction between
the devices that helps in regulating the system via LABVIEW
(version: 18.0.1) [48].

In this way, the experimentation done is recorded via
Digital Multimeter (DMM), Optical Spectrum Analyzer
(OSA), and ESA, using GPIB (General Purpose Interface
Bus) connection and afterwards digitally saved. We are
using LABVIEW (version: 18.0.1) [48] to manipulate this
mechanism.

A. DEVELOPMENT OF CONTROL MECHANISM
Considering the design layout of the equipment, the GPIB
is used as a connector between computer/controller
and instruments. Also called the ANSI/IEEE Standard
488.1−1987 standard [57], it is a parallel data bus with data
tranfer rate of 1 Mbyte/s and higher. Therefore, one GPIB
hardware can control upto 15 instruments and instruments can
be addressed 0 to 30 uniquely [50]. It has capability of encod-
ing the message as ASCII character string using the SCPI
(Simple Command Protocol for Instruments) protocol [58].

There are two types of GPIB commands. They are device
dependent messages and interface messages. Device depen-
dent messages also called data messages contains device
specific information where as interface message also called
command messages contains initializing the bus, address-
ing and unaddressing devices and setting device modes for
remote or local programming messages [53].
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FIGURE 2. Modified experimental system, with amendments in [8].

FIGURE 3. Comparison of (a) linear (used in this work), and, (b) star
configurations, respectively.

In this way, the GPIB protocol categorizes the devices
as talkers, listeners, and controllers. Generally, computer is
a controller but simultaneously it can act as a listener and
talker too. Controller has to manage the communication link,
respond to the devices that request services and pass or take
control of the bus. Talker can place the data on the GPIB.
Only one instrument at a time can act as a talker in a network.
Listener can read data from the GPIB and many devices
can act as listener at a same time. Instruments can be con-
nected either using linear configuration, which is used in our
work, or star configuration [23], [50], [53]. Both configura-
tions are respectively shown in figure 3.

III. OPTICAL RECEIVER
An optical receiver is a kind of transducer, which con-
verts received optical signal into an electrical signal.

FIGURE 4. Impulse and frequency response of the photodiode [35].

Main components of an optical receiver are optical detector
and LNA. The combination of an optical detector and LNA,
called front end, determines the characteristics of an optical
receiver [25], [33], [36].

In our experimental setup, optical receiver has been built
by using comercially available PIN photodiode, Bias Tee,
and LNA. In this case, determination of an optical receiver
characteristic properties become challenging due to correla-
tion of one component’s operational parameters with others.
This suggests the requirement of analysis of each component,
specially photodiode and LNA, from the point of view of their
operational parameters. Thus, a short introduction of these
components is presented. Also, optical receiver designing
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FIGURE 5. Plots of gain and noise figure of the amplifier vs frequency [48].

issues based on the performance parameters are discussed.
Furthermore, optical receiver parameters are calculated from
the data provided in the manufacturer’s catalogue. Finally,
the details of the designed optical receiver are presented.

IV. SETUP DETAILS AND OPERATIONAL PRINCIPLE
Based on the discussed design issues which are mandatory
for an optical sensor, selection of components is done. We are
interested to build an optical receiver for the measurement of
laser intensity noise. Thus our design focuses on operating
parameters like sensitivity and spectral range of an optical
receiver. To design an optical receiver, which has high enough
sensitivity so that it can measure intensity noise of laser; high
responsivity, low dark current PIN photodiode (Newport:
D−15ir) is used. It has typical voltage bandwidth of 29 GHz
and is of unamplified type. It has spectral response range from
950−1650 nm, and fiber input connector style FC and output
connector type Anritsu-K. Output termination is 1 k.

Figure 4 shows the impulse and frequency response of
the photodiode. The output voltage is nearly flat from
0 to 20 GHz and slightly decreases from 20 to 30 GHz.
Beyond 30 GHz, the negative slope is high. The use-
ful frequency range of this photodiode is considered from
0 to 30 GHz. More specification detail can be found in [35].

To improve the measurement system noise figure without
compromising the system bandwidth, amplifier (Mini-
Circuits: ZX60−14012L-S+) is used. It has typical gain
of 12 dB and noise figure of 5.5 dB. It has 50 input and out-
put impedance and SMA female connectors (SubMiniature
Type A), which are coaxial rf connectors suitable for dc to
18 GHz frequency range, in both input and output terminals.
The detailed specification of this device is found in [51].

Figure 5 shows gain and noise figure of the low noise
amplifier. They are not flat in required frequency range.
Gain and noise figure have typical flatness of ±1 dB. Also,
the thermal noise of the optical receiver is a function of the

noise figure of the amplifier. Hence, the thermal noise of an
optical receiver is not white.

To prevent degradation in DR of an optical receiver, low
insertion loss Bias Tee (Mini-Circuits: ZX85−12G−S+) is
used. It has connector type SMA female and impedance of 50
in both input and output ports. The detailed specification of
the Bias Tee can be found in [52]. During selection of Bias
Tee, operating frequency range, type of connectors, input-
output impedance, and operating current limit are taken into
consideration.

The block diagram of an optical receiver built by using
above selected components is shown in figure 6.

FIGURE 6. Block diagram of an optical receiver.

A. OPERATIONAL PRINCIPLE
The PIN photodiode collect the light from optical sources like
laser diode. The electrical signal output from the photodiode
contains DC signal as well as AC signal. The DC signal is
directly proportional to the average optical power input to the
photodiode. The AC signal is the result of addition of noises
due to photodiode and laser diode. The Bias Tee, which acts
as a filter, splits the DC signal and AC signal. The DC signal
can be measured by using digital multimeter of low input
impedance. The AC signal, which is very weak, is amplified
by LNA.

During amplification, LNA also adds noise to the signal.
The amount of this noise is directly proportional to the noise
figure of LNA. The amplified noise can be measured by using
radio frequency ESA. The magnitude and frequency range
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TABLE 1. Calculated parameters of an optical receiver.

of signal that can be handled by the built optical receiver,
depends upon its DR, sensitivity, and spectral range.

V. SENSITIVITY ANALYSIS AND OPERATING
PARAMETERS CALCULATION
The sensitivity of an optical receiver is defined as the min-
imum amount of input power required to perform defined
operation correctly [6], [33]. Thus, an optical receiver is
said to have high sensitivity, if it requires less amount of
input power to perform detection operation. The sensitivity
determines operational range in terms of input power, and
holds high significance for biomedical applications [2], [36].

A noise equivalent circuit of front end of an optical receiver
is shown in figure 7. The signal current generator Ip represents
the detected signal, Inp, Ind, Inb, InR, Vnd, Vn, and In are shot
noise due to photocurrent, shot noise due to dark current,
shot noise from the background current, thermal noise cur-
rent, excess noise of the load resistance RL, detector noise
voltage, preamplifier noise voltage, and current noise sources,
respectively [6].

FIGURE 7. Circuit diagram of photodiode-voltage type preamplifier [6].

For simplicity, current and voltage noise sources of the
preamplifier are excluded and the preamplifier noise defined
only in terms of thermal noise. The SNR of detected signal at
the first stage of an optical receiver is calculated as [33]

SNR =
R2P2in

2q(RPin + Id )1f + 4(kBTk/RL)FA1f
, (2)

where we have used the fact that Ip = RPin. Here, Pin is the
input optical power to the photodiode. Equation 2 relates the
SNR with input optical power. The sensitivity of an optical
receiver can be expressed in terms of its Noise Equivalent
Power (NEP), which is defined as theminimum optical power
per unit bandwidth required to produce (SNR = 1) and is

FIGURE 8. Difference between the RINlaser and RINerror when the SOA
operates with 125 mA at a temperature of 25◦C.

FIGURE 9. Average RIN as a function of injection current when external
cavity mode is suppressed. The SOA is set to 25◦C.

given by [7], [33]

NEP =
Pin
√
1f
=

[2q(RPin + Id)+ 4(kBT/RL)FA]
1
2

R
, (3)

where R = ηq/hf , η is the quantum efficiency, h is the
planck’s constant, and f is frequency. The performance of an
optical receiver depends on the preamplifier noise sources.
Here only the effect due to thermal noise is mentioned,
neglecting the parasitic combination of elements of photo-
diode and preamplifier. Let the maximum input power to the
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FIGURE 10. Optical view of internal cavity mode at different current when external cavity mode is suppressed.

FIGURE 11. Showing effect of increase in temperature and injection
current in average RIN.

optical receiver be Pmax; then the Dynamic Range (DR) can
be expressed as [28]

DR = 10 log
Pmax

NEP
. (4)

The preamplifier has 1 dB compression output of 11 dBm
and photodiode has maximum input optical power of 7 dBm,
so Pmax for eq. 4 equals 7 dBm. Then DR can be calculated
using eqs. 3 and 4. Table 1 gives a summary of the opti-
cal receiver operating points parameters. All parameters are
calculated for average photodiode current Ip of 1 mA at room
temperature. The lower limit of operation frequency (fL) is
determined by the amplifier’s lower operational frequency
and is of 300 KHz frequency. The upper limit (fU ) is deter-
mined by the Bias Tee and is of 12 GHz frequency. Shot
noise is calculated accordingly for Ip @ 1 mA and Id @
20 nA. Dark current of the photodiode is provided in the
manufacture’s catalogue, fromwhich the thermal noise is cal-
culated. The typical noise figure of 5.5 dB is taken according
to the manufacturer’s catalogue. The total noise is the sum of
calculated thermal noise and shot noise. All noises calculation
are normalized to 1 Hz. The NEP, which is the sensitivity
of the optical receiver, is calculated according to eq. 3 for
responsivity R = 0.7 @ 1543 nm. The DR is calculated
according to eq. 4 for Pmax = 7 dBm.

In designing an optical receiver, it has been found that a
transimpedance amplifier is suitable to build optical receivers
for RIN measurement [23]. This type of amplifier has large
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FIGURE 12. Optical view of two modes for SOA @ 25◦C.

load resistor but low effective input impedance, hence suit-
able for the design of high sensitivity large operational band-
width receiver. Also, amplifier of low noise figure high gain
is desired to design large DR optical receiver. The Bias Tee,
which is used as a filter to split AC and DC signals, helps
to improve the receiver DR by preventing amplifier from
saturation. The saturation power of photodiode is less than
other components used to built receiver. Hence, DR upper
limit of an optical receiver is limited by photodiode.

VI. RESULTS AND DISCUSSION
In order to start the experimentation, it is important to check
the restrictions of the measured values of RIN (RINerror)
whose intensity should be lower than that of the laser itself
(RINlaser). For this, the temperature and injection current of
the SOA are kept at 25 ◦C and 125 mA, respectively. The
value ofMi is adjusted to 1542 nm and that of Mo at 1543 nm.
In this manner the difference between the wavelengths is
1 nm which yields a contrast of −40.27 dB among both
modes along the ordinate. RINlaser has been obtained from
0.1−12 GHz at 650 values of frequency. Afterwards, RINerror
has been computed at the same values, using the vendor’s
specifications [11], [50]. The results have been depicted
in figure 8 which shows a difference of 19.32 dB between

both average values. RINerror is flat during this wavelength
regime at 1.197 dB/Hz (computed at an average photocurrent
of 636 µA). This correlation of RINerror and wavelength
is because of the devices: both the amplifier and the ESA
possess their gain and noise figure which are dependent on
the wavelength, as per their respective data sheets and user
manuals. On the other hand, the curve is not very flat, making
the difference between both values to be −40.27 dB. This
indirectly implies a minute impact in recording the RIN from
our experimental system. It means that the setup is able to
capture RIN with a reasonably high accuracy.

A. RIGHT MODE SUPPRESSION EFFECT IN AVERAGE RIN
The temperature of SOA has been set to 25◦C. The internal
cavity mode is set to 1542 nm and the external cavity mode
is suppressed by adjusting the VCo.
Measurements are taken from 115 mA to 130 mA bias

level with step of 5 mA. Average RIN and corresponding
optical spectrum are plotted and shown in figures 9 and 10,
respectively in such a manner that the first highlighted point
(starting from left of the line) in 9 corresponds to the first
graph (top left) in the spectra in fig. 10. In a similar way,
the second highlighted point in 9 refers to the second graph
(top right) in 10, and so on.
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FIGURE 13. Intensity ratio vs injection current.

In figure 9, it is observed that the average RIN decreases
with increase in injection current. The theory behind this
phenomena can be explained as follows: The increase in
injection current decreases the RIN of laser [11], [50], [53].
The relationship between RIN and injection current can be
expressed as [50]

RIN ∝
(
Iinj
Ith
− 1

)−3
, (5)

where, Iinj is the injection current and Ith is the threshold cur-
rent. Equation 5 can also be expressed in another way as [11]

RIN ∝ P−3, (6)

where, P is the output optical signal power. Equations 5 and 6
show the RIN as a function of inverse cube of P. These equa-
tions are valid for low bias level, i.e., when a laser is operated
near threshold level but when a laser is operated far above the
laser threshold level, RIN varies as a function of P−3 [11].

Measurements are taken by operating the laser far above
the threshold level. Thus, the decrease of only 1 dB in the
average RIN is measured for 15 mA difference of bias level.

As a result, the laser diode RIN decreases with increase in
injection current and the rate of decrease depends upon its
applied level to the diode laser. This experimental result is
presented merely to prove that the performance of our diode
laser is well described from the adapted theory in physics,
i.e., justification of eq. 6.

B. TEMPERATURE AND OPTICAL FEEDBACK EFFECT
IN AVERAGE RIN
The intensity noise has been measured for various injection
current levels. The experimentation has been performed for
the SOA @ 25◦C and @ 30◦C. The values of Mi and Mo are
set to 1542 nm and 1542.5 nm, respectively. Couplers are set
fixed during the measurement.

In figure 11, it is observed that the average RIN increases
with increase the injection current or output signal power.
This is the opposite result then describe by eqs. 5 and 6.

FIGURE 14. Plot of self made RIN setup measurement results for SOA at
125 mA @ 25◦C. The values of different intensity ratio Mi/Mo are shown
in the enclosed rectangle.

FIGURE 15. Plot of Agilent RIN setup measurement results for SOA at
125 mA @ 25◦C. The values of different intensity ratio Mi/Mo are shown
in the enclosed rectangle.

Actually, these equations are valid for single mode solitary
diode laser. But in this particular operating state, dual mode
laser sensor is operated as a single mode laser with external
cavity mode as a feedback mode. Hence, the behaviour of our
laser in various current levels is very different from ordinary
solitary laser diode.

Increase in injection current increases the intensity of the
external cavity mode in comparison to the internal cavity
mode as shown in figure 12. Although the increment is small,
it has large impact on intensity noise and hence on the average
RIN of the laser. This results from the fact that the external
cavity mode acts as an optical feedback and increase in
optical feedback increases RIN [10], [23].

Also in figure 11, it has been observed that the aver-
age RIN decreases with increase in temperature. This is
because an increase in temperature decreases the gain of
semiconductor optical amplifier (SOA) and decrease in gain
causes a decrease in amplified spontaneous noise (ASE) [54].
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FIGURE 16. Existence of both modes under various conditions.

Furthermore, the noise power spectral density increases
slower than gain with the increase in bias current. This effect
is more significant at lower temperature. Thus, the slope of
the average RIN @ 25◦C is smaller than @ 30◦C [55], [56].

Comparison based on the relationship between gain, tem-
perature, and ASE does not provide the complete informa-
tion. Thus, comparing average RIN at both temperatures
from the point of view of intensity ratio difference will give
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FIGURE 17. Comparing average RIN from both measurement setups.

additional information. In figure 13, intensity ratio of two
modes vs injection current for both temperatures are plotted.
It is observed that slope and magnitude of intensity ratio dif-
ference @ 30◦C are smaller than @ 25◦C. Also, in figure 11,
the average RIN for SOA @ 30◦C and 125 mA exceeds the
average RIN for SOA@25◦C and 125mA. This means, opti-
cal feedback has less impact on average RIN in comparison
to effect of increase in temperature.

The slope of the average RIN for SOA @ 25◦C starts to
decrease after 125 mA (this may be the onset of saturation
of RIN for this operating condition) but the slope of average
RIN for SOA @ 30◦C is increasing. This means that the
saturation level of RIN at lower temperature reaches earlier
than at higher temperature. Thus, from the point of view of
sensor, operating laser sensor at higher temperature is good.

Conclusions mentioned above may be valid for only par-
ticular operating condition of the laser sensor. From our
experiment, we have observed that the RIN not only depends
on the modes’ intensity ratio difference, but also depends
on the injection current and operating temperature. Intensity
ratio difference can be made same for different operating
conditions by adjusting the VCs. Thus, calculated average
RIN and RIN spectrum may be different for same intensity
ratio difference of two modes.

C. RIN COMPARISON
With the help of our designed experimental arrangement
as well as the Agilent layout, the values of RIN are
recorded [20], [52] under equivalent working circumstances.
The temperature and current of the SOA is 30◦C and 125 mA
respectively. Mode Mi is set to 1542 nm and mode Mo is set
to 1543 nm. We attempt to equalize this contrast among the
intensity ratio to the maximum conceivable value. The corre-
sponding situations appear as shown in figures 14 and 15.

Numerous technical outcomes appear from these plots.
First, we consider the system that has been developed in the
laboratory in figure 14. It is seen that the pattern of change

TABLE 2. List of symbols.

in the value of RIN seems to be mostly similar for different
values of intensity ratios between the inner mode and the
outer mode (i.e., the value of Mi/Mo), which are indicated in
the enclosed rectangle (from 7.512 to −40.847 dBs). This is
important for a biomedical sensor that the behaviour must be
consistent along the frequency range of operation, to ensure
the precision of results. When this is compared to the Agilent
system in figure 15, the trend seems to be a bit different.
The intensity ratios of 7.211 and 0.113 dB/Hz are showing
a slightly sharp increase and then decrease along the y-axis,
shown in the respective figure by black and red colours
respectively. For other values of intensity ratio, each value of
RIN tends to increase gradually, until it reaches a maximum
value at about 10 GHz, and then drops down. To explore the
situation in further detail, the relevant situation of both modes
under these situations appears in figure 16.
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With the escalation in optical feedback, the effects are
equally observable in each arrangement. This has been elab-
orated by means of Figure 17 which shows that the value of
average RIN varies in both situations. This variation in RIN
is analogous to an offset or balance in DC. Likewise, these
values of intensity noise at increased frequencies have
been similar trends in either setup. Another interesting
phenomenon is the variation in Relaxation Oscillation Fre-
quency (ROF) with feedback, which clearly is somewhat
opposite for both systems under investigation, i.e., moves
ROF towards right along the abscissa (greater frequency) for
our system, and vice versa for the Agilent system.

Numerous reasons exist for the distinction in RIN esti-
mation between our arrangement and the Agilent system.
We have substituted white noise in place of thermal noise,
however it is actually related to the frequency. Besides, facts
remain that every gadget in the complete system has an
impact on the computation of the outcome values which
makes it imperative to calibrate the complete arrangement
which is under investigation. Because of these reasons,
we have found that the system’s performance is reliable.
However, we must be careful with the saturation condi-
tion of the SOA as any change in the corresponding gain
should be considered before utilizing the practicality of the
sensor.

Taking these aspects into account, the RIN taken from our
arrangement and Agilent arrangement is closely investigated
through various perspectives, which involves RIN and its
technical impacts on our sensor system. Findings are con-
sistent in the sense that our system in the laboratory can
successfully investigate the system’s RIN, thereby providing
worthwhile technical information.

VII. CONCLUSION
In this work, basic issues related to build a low cost wide
spectral range RIN measurement setup have been discussed.
It is found that noise added from each measurement system
components limits the range of measurement. Thus, a clear
understanding of dynamic range of operation is necessary.
The uncertainty error of repeated measurement was found
high before this work, which indicates the instability of laser
setup, and needed to be improved.

A connection has been established and observed between
both modes and their corresponding RIN spectra. This analy-
sis extraordinarily helps the utilization of RIN estimations in
the region of our spectroscopy based system. Despite chang-
ing the spacing (abscissa) between both modes, the value
of RIN does not change. In this manner, RIN cannot give
knowledge about a distinction of wavelength values among
them. A steep inclination of RIN’s standard value for higher
temperatures indicates an improvement in the performance of
our system with hike in temperature. Moreover, it is worth
mentioning at this occasion that the system that we have
developed in our work is able to obtain the same authentic
outcomes which was formerly achievable by the system that
used Agilent apparatus. This justifies an inexpensive use of

our apparatus for the public as the system is destined for the
biomedical sensor.

Sensitivity so as dynamic range of measurement setup can
be improved by cascading low noise high dynamic range
amplifier. Furthermore, calibration of the measurement setup
with the help of poisson laser or ordinary noisy laser with
an optical attenuator can be taken as future task to improve
measurement results accuracy.

To expand the ongoing analysis, plans to analyze the exis-
tence and stability of the modes in minute time intervals are
underway, some is recently reported partly in [20]. This is
mandatory as the system should have both modes present
at all times which is the underlying foundation of the entire
concept, while still maintaining the sensitivity of the sensing
device.
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