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Abstract

Optical fiber has been widely used as a
transmission media for data communica-
tion networks for many years. However,
considering the broad advantages offered
by fiber optics, research projects in this
area go beyond data transmission; among
the topics that can be found in this field are
photonic sensors.

Some characteristics decisive now in pro-
moting the research of photonic sensors
are the unique advantages that they offer,
such as immunity to electromagnetic in-
terference, its low weight and volume, and
long lifetime, among others.

This paper presents the design and analy-
sis of a distributed optical sensors network
using the largest network topology in the
country, called the National Optical Fiber
Project (PNFO).

Keywords: Bragg networks, optical fi-
ber, optical networks, optical sensors, te-
lecommunications.

Resumen

La fibra 6ptica se ha usado como medio de
transmisiéon en redes de comunicaciones
de datos durante muchos anos, sin embar-
go, y teniendo en cuenta las amplias venta-
jas que ofrece la fibra 6ptica, los proyectos
de investigacién en esta area van mas alla
de la transmisién de datos; entre los temas
que se pueden encontrar en esta rama se
desarrollan los sensores de fibra 6ptica.
Algunas caracteristicas que han sido deci-
sivas al momento de impulsar la investiga-
cién de los sensores a fibra 6ptica son las
ventajas Unicas que estos ofrecen, como la
inmunidad a interferencia electromagnéti-
ca, su bajo peso y volumen, su largo tiempo
de vida, entre otras.

Este articulo presenta el disefio y analisis
de una red de sensores 6pticos distribuidos
usando la topologia de red mas grande del
pais, denominado Proyecto Nacional de Fi-
bra Optica (PNFO).

Palabras clave: fibra 6ptica, redes de
Bragg, redes Opticas, sensores Opticos,
telecomunicaciones.
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INTRODUCTION

One of the advantages of photonic sensors based on optical fibers is its high multiple-
xing capacity [1]. In addition, multiplexing can be carried out remotely, hundreds of
kilometers from the interrogation equipment [2]. Even so, the level of utilization of
optical fiber sensors continues to lag behind that of other technologies such as elec-
trical sensors, mainly for economic reasons. Continuous research and technological
development are being performed in this field in order to reduce the breach between
technologies and expand the range of applications in which optical fiber sensors are
competitive [3].

In optical fiber systems there are mainly two fields on which numerous investiga-
tions are currently being carried out. The first of these is fiber optic structures for
remote monitoring of sensors and the second is the implementation of structures
used to generate multi-line lasers. Both structures have in common the use of Fiber
Bragg Gratings (FBG) for the selection of emission wavelengths as well as the use of
several kinds of optical amplification [4]. FBG is one of the most widely used optical
fiber sensors due to its direct integration into the fiber itself and the possibility of
multiplexing many sensors on a single fiber [5]. For such purpose, the interrogation
technique used for monitoring with FBG is the measurement of the wavelength shift
that occurs when the physical magnitude to be measured acts. Applying this opera-
ting principle, numerous sensor devices have been developed such as: hydrophones,
magnetometers, gyroscopes, accelerometers and extensometers.

Some of the most well-known FBG studies are to measure mechanical deformations
in a concrete beam exposing it as an alternative for the measurement of civil struc-
tures [6], temperature measurement for power transmission and distribution lines
[7], the measurement of spatio-temporal variations of temperature in hydrological
applications [8].

These systems also encompass new Wavelength Division Multiplexing sensor ne-
twork topologies in applications as important to national geography as landslide
monitoring [9] and natural disaster prevention [10].

To reduce the gap in technology, use between electrical and fiber optic systems, in
addition to expand the number of applications in which optical fiber sensors could
become useful, it is kept in continuous technological research and development.
This paper describes the design of an optical sensor network on the network infras-
tructure of the National Optical Fiber Project (PNFO) in Colombia, since this corres-
ponds to the largest fiber optic network deployed in the country [11]. The feasibility
of deploying a long-distance distributed optical sensor network based on Bragg di-
ffraction grating over an operational network is presented in this paper.
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THEORETICAL BACKGROUND

Long Distance Network Topology

In 2011, the Ministry of Information and Communication Technologies (TIC), throu-
gh the social program Compartel, presented the PNFO, which aimed to connect the
country to broadband Internet. Azteca Comunicaciones Colombia was the company
designated by the national government to plan, design, install, put into service, ma-
nage, operate, and maintain the optical transport network in about 753 municipa-
lities and 2,000 public institutions, aimed at expanding the infrastructure of the
national optical fiber network. This is how the deployment of more than 19,000 km
of fiber optic was carried out, connecting 1,078 municipalities nationwide, becoming
the fiber optic network with the widest deployment in the country [12].

This study is carried out on a DWDM link implemented between Yopal (Casanare)
and Mongui (Boyaca), with a distance of 130 km. Measuring with OTDR the DWDM
Yopal - Mongui link, an actual distance of 144,076.80 m, is evidenced, with a reflec-
tance of -21.86 dB.

Diffraction Grating Parameters

Uniform Diffraction Grating

Uniform Bragg gratings are those whose refractive index profile in the fiber core has
a constant period along its axis and an envelope that is also constant and equal to the
increase in the refractive index induced in the fiber core [13].

Analytically, the function that describes the profile of the refractive index distur-
bance in the core of the network to be analyzed is the following [14]:

nz
(Z) = ng + Mgy sin® (A_) (1)
U

Which extends along a length L. Thus, in Equation 1, #_ is defined as the refractive
index of the portion of the fiber that has not been disturbed and An__ is the maxi-
mum modulation of the refractive index, which in this case it coincides with the
amplitude of the sinusoid. Being a uniform network, the apodization function is not
considered, A(z) and the period A(z) do not depend on z [14].

The numerical values of each of the mentioned parameters, for the network analyzed
as an example in this section, are shown in Table 1.
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TABLE 1. PARAMETER VALUES FOR A UNIFORM DIFFRACTION GRATING [15]

Parameters Value Observations
n 1.452 AT&T Accutheter Fiber
An .. 5X
10
A, 535
nm
IL 5m
m

The first step to carry out the analysis is to sample the network in layers that will be
considered to have a constant refractive index, to obtain the two-gate structure to
be analyzed using the transmission matrices. To consider any small disturbance in
the disturbance profile, these layers should be as thin as possible, much less than the
period of the network z <<A .

Intervogator Design for FBG In Time Domain.

The FBG is a device that provides a good performance in the reflection response,
Figure 1 shows the architecture to characterize the reflected signal. It consists of a
Bragg grating, a light source with an emission frequency for the measurement of
Ayoge @ SPEctral analyzer and a fiber coupler, which allows to guide back the light and
extract it to be analyzed [16].

Light — {Tm—
source
FBG
Fiber
coupler
Spectral
analyzer

FIGURE 1. THE BASIC STRUCTURE OF A SENSING SYSTEM BASED ON FBG [15]
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Additionally, the interrogation system that allows measuring /'legg comprises the
control processing to record and monitor the reflected data, in which, the FBGs use
to have the same or very closely spaced ZBragg values. In an interrogation system ba-
sed on measurements in the frequency domain, a multiplexed sensor network may
adopt separate values for each 4, where each one is identified by its specific re-
flected wavelength. However, the interrogation can also be performed in the time
domain (TDR) [17]. TDR interrogation allows a higher number of FBG that can be me-
asured by the interrogator [18]-[20]. Multiplexed TDR systems are able to interrogate
hundreds of sensors on a fiber as compared to few tenths of sensors that can be mea-
sured in a non-multiplexed scheme. The multiplexing schemes are developed on the
underlying operating procedure with an optical interface that is commonly the same
as in a non-multiplexed interrogator [21].

TDR multiplexing.

A broadband source interrogator that includes a TDR scheme to identify the signals
reflected by individual FBG based on the delay time difference of a reflected light
pulse is shown Figure 2 [16].

Wideband
modulator
source - FBG FBG FBG FBG FBG
Yeenens Adjustable | modulator coupler
- delay
...... electrical
Pulse generator Spectrometer — optical

FIGURE 2. SENSOR INTERROGATION SCHEME BASED ON TDR [15]

In such a proposal, a lightwave burst is launched towards the network and the co-
rresponding reflections are received in the spectrometer, the position of the FBG in
the fiber do not change with time and the optical modulator is used to eliminate all
other reflections [16].
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Sensor Network Design

Simulation of the Interrogator in Time-Domain

For the design of the interrogator implemented in this section, the design made in
[22] is taken as a basis, where only the analysis performed on the broadband source
will be considered. Figure 3 shows the interrogator block schematic in the software
Optisystem.

The modulator is operating in quadrature mode, this means that the bias voltage
sets the modulator at the midpoint of the optical response curve. To demonstrate
the correct operation of the interrogator, a signal delivered by the broadband source
(LED) is sent to the Mach-Zehnder modulator whose output signal is shown in Figure
4 and the signal reflected by the Bragg grating is depicted in Figure 5.
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FIGURE 3. SCHEMATIC DESIGNED AS AN INTERROGATOR OF FBG [9]
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FIGURE 4. MACH-ZEHNDER MODULATOR OUTPUT SIGNAL [9]
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FIGURE 5. SIGNAL REFLECTED BY THE FBG [9]
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The signals delivered by the interrogator in response to the FBG, shown in Figure 6,
and the electrical signal delivered by the interrogator as a sensor measure shown in
Figure 7, are taken as a reference for the analysis of the signals obtained on the si-
mulation of the network of optical sensors distributed in the long-distance network.
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FIGURE 6. SIGNAL DELIVERED BY THE INTERROGATOR IN RESPONSE FROM THE FBG [9]
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FIGURE 7. ELECTRICAL SIGNAL DELIVERED BY THE INTERROGATOR
AS A MEASUREMENT OF THE SENSOR [9]

Distributed Optical Sensor Network

Figure 8 shows the architecture of the long distance network that includes the
FBG-based sensor. It should be noted that the interrogator is connected to one of the
coupler inputs. Such architecture is used in the conducted simulations in order to
perform the data signal quality analysis.
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F1GURE 8. BLOCK DIAGRAM OF A NETWORK OF OPTICAL SENSORS
DISTRIBUTED OVER A LONG-DISTANCE NETWORK [9]
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Among the additional parameters implemented in the design, the DWDM will consist
of 8 channels with 100 GHz spectral separation between them. The channels chosen
are 193.7 THz and 193.8 THz, in such a way that they have a gap between the Bragg
channels, large enough so that they do not affect to each other. Additionally, for the
interrogator, 193.75 THz is established as the central frequency with a laser line wid-
th of 1 GHz, which will allow studying the effect on the data signal.

RESULTS AND DISCUSSION

Time Domain Analysis
Macroscopic Analysis

For time domain analysis, an interrogator is set up as shown in Figure 2 and explained
previously. This interrogator modulates the signal that is delivered in the broadband
source, employing a Mach-Zehnder interferometer. Then, using an optical coupler, it is
integrated into the DWDM network obtaining the signal as seen in Figure 9, where the 8
channels sent by the DWDM link and the interrogator signal can be observed.

-E0
1

Powar (dBm)

183 T 194 T 185 T
Frequency (Hz)

Fi1GURE 9. INTERROGATOR SIGNAL COUPLED TO THE
DWDM LONG-DISTANCE NETWORK [9]

Figure 10 and Figure 11 show the signal at 193.7 THz delivered by the circulator and the
signal reflected by the sensor respectively. However, without ignoring the attenuation
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generated by the long-distance fiber optic link, no significant changes are observed in
the system response thus demonstrating the efficiency of the sensor design [9].
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FIGURE 10. AMPLITUDE SIGNAL IN DB DELIVERED BY THE CIRCULATOR [9]
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FiGURE 11. AMPLITUDE SIGNAL IN DB DELIVERED IN REFLECTION BY THE FBG [9]
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Microscopic Analysis

Additionally, the interrogator signal should ideally not interfere with the data sig-
nals. However, the laser with a line width of 1 GHz required by the interrogator to
set the FBG based long-distance fiber optic sensor adds noise to the data signal since
the free spectral range between channels is 100 GHz and the line width of the data

channels is 100 kHz.

As can be seen in Figure 12 and Figure 13, the data signal is fully transmitted. Howe-
ver, noise entering the system directly affects the quality of the signal, deteriorating

Yeny Katherine Muiioz Nufiez
Gustavo Adolfo Puerto Leguizamén

the Q factor by 30 %, compared to undisturbed signals.
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FIGURE 12. SIGNAL DELIVERED FOR THE 193.7 THZ CHANNEL IN THE
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If the laser line width of the interrogator is increased to 10 GHz, the signal deteriora-
tes by 75 %, directly affecting the data signal of the closest channels at 193.7 THz and

FIGURE 13. SIGNAL DELIVERED FOR THE 193.8 THZ CHANNEL IN THE

INTERROGATOR TOPOLOGY, WITH ITS RESPECTIVE EYE DIAGRAM [9]

193.8 THz.

Subsequently, the FBG is set to 193.77 THz in order to emulate the sensor operation. This
variation generates a change in the optical power as observed in Table 2. Thus, the sen-
sor is effectively affected by variations in the grating due to disturbances in the fiber.

TABLE 2. SENSOR OPERATION [9]

Bragg Channel 193.75 THz 193.77 THz Signal Amplitude
Power (W) 0.000330278 0.000272417 0.0000579
Power (dBm) -0.274.248 -1.15252 0.878272
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Subsequently, two Bragg gratings are included in the system, in Figure 14 the com-
parison between the reflected signal of the FBG and the circulator when the gratings
are at the same interrogation frequency can be observed. On the contrary, Figure
15 shows the comparison between the reflected signal of the FBG and the circulator
when the gratings are at a different frequency than that of the interrogator.

Figure 15 shows the variations performed at 193.77 THz and 193.85 THz of the Bragg
gratings, showing that the designed network works at the same time when it has
multiplexed Bragg gratings.
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F1GURE 15. COMPARISON BETWEEN THE REFLECTED SIGNAL OF THE FBGs
(LEFT) AND THE SIGNAL DELIVERED BY THE CIRCULATOR (RIGHT) WHEN THE
GRATINGS ARE AT DIFFERENT FREQUENCIES OF THE INTERROGATOR [9]

INGENIER | A Yy | Vol.41n.°1,20231
2145-9371 (on line)
DESARROLLO Universidad del Norte

83



Analysis and Design of a Long Distance Distributed Yeny Katherine Mufioz Nuiiez
Optical Sensor Network Based on FBG Gustavo Adolfo Puerto Leguizamén

Frequency Domain Analysis

For the analysis in the frequency domain, the interrogator used for the previous
analysis includes a wide band source produced by a continuous wave laser. The deli-
vered signal will be used as an interrogator and can be seen in Figure 16.
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FIGURE 16. GENERATED SIGNAL USING A CONTINUOUS
WAVE LASER AS AN INTERROGATOR [9]

Macroscopic Analysis

The interrogator signal is included into the DWDM network through a coupler; the
obtained signal by making this adjustment can be seen in Figure 17. As expected, the
signal shows an increase in transmitted power of approximately 6 dB when compa-
red to the results shown in Figure 9.
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FIGURE 17. UNMODULATED INTERROGATOR SIGNAL COUPLED
TO THE DWDM LONG-DISTANCE NETWORK [9]

Comparing the signal obtained at the output of the circulator with the reflection by
the FBG, as in the time domain, the only relevant parameter is the attenuation pro-
duced by the long-distance fiber optic link.

Microscopic Analysis

Even though the sensor operation does not appear to be disturbed, when checking
the quality of the data signal, as seen in Figure 18 and Figure 19, the frequencies
closest to the interrogator frequency (193.7 THz and 193.8 THz) lose completely the
transmitted data.
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FIGURE 19. DATA SIGNAL RECEIVED IN THE 193.8 THZ CHANNEL [9]

To solve the problems in the data signal, the laser line width is modified to 10 MHz
and the interrogator frequency to 193.76 THz, considering that the DWDM frequency
most affected by the inclusion of the link interrogator was 193.7 THz.

Once this modification was performed on the continuous wave laser used as the in-
terrogator, it is observed that the problems presented in the data signal are largely
corrected, allowing them to be transmitted, as seen in Figure 20 and Figure 21.
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FIGURE 20. IMPROVED DATA SIGNAL RECEIVED IN THE 193.7 THZ CHANNEL [9]
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FIGURE 21. IMPROVED DATA SIGNAL RECEIVED IN THE 193.8 THZ CHANNEL [9]
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The results obtained by comparing the reflected signal by the FBG and the interroga-
tor output, show the functionality of the Bragg grating, in terms of the reflection of
the frequency established by the interrogator. Like the analysis in the time domain,
when modifying the frequency of the Bragg grating (at 193.78 THz) and to validate
the operation of the fiber optic sensor, a difference of 0.89 dBm is observed.

By including a second Bragg grating to the network, there are two possibilities: if
the Bragg gratings are working at the same interrogator frequency, they will amplify
each other, giving a more reliable response to the measurement performed by the
sensor, with a difference in amplitude of 3.14 dBm.
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FiGURE 22. COMPARISON BETWEEN THE REFLECTED SIGNAL OF THE FBGS (LEFT)
AND THE SIGNAL DELIVERED BY THE CIRCULATOR (RIGHT), WHEN THE GRATINGS
ARE AT DIFFERENT FREQUENCIES OF THE MODIFIED INTERROGATOR [9]

If, on the other hand, the gratings are working at different frequencies, as seen in
Figure 22 and Figure 23, where the gratings operate at 193.78 THz and 193.85 THz, the
result is a separate reflection for each sensor of different amplitude at the grating
frequency, as clearly evidenced in Figure 23.
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CONCLUSIONS

This paper described the design and analysis of a long distance distributed optical sen-
sor network based on fiber Bragg gratings. The results of the time domain analysis
demonstrated that the laser line width of 1 GHz required by the interrogator to establi-
sh the fiber optic sensor based on FBG adds noise to the data signal since the free spec-
tral range between optical data channels is 100 GHz with a laser line width of 100 kHz.
The data signal is successfully transmitted, even though the noise entering the system
affects the signal quality by deteriorating the Q-factor a 30%. If the laser line width of
the interrogator is increased to 10 GHz, the signal deteriorates a 75 %, directly affecting
the data signal of the nearest optical channels at 192.7 THz and 193.8THz.

In the frequency domain, although the sensor operation does not appear to be dis-
turbed, we observed that the data channel frequencies closest to the interrogator
frequency (193.7 THz and 193.8 THz) completely lose the transmitted data. To solve
the problems presented in the data signal, the laser linewidth is changed to 10 MHz
and the interrogator frequency was set to 193.76 THz. Similarly, to the time domain
analysis, modifying the Bragg grating frequency to 193.78 THz, implies a difference
of 0.89 dBm with respect to its initial signal.

By including a second Bragg grating to the network, two results are possible. In the
first response, if the Bragg gratings are working at the same frequency as the inte-
rrogator, they will amplify each other giving a more reliable response of the mea-
surement performed by the optical sensor. If, on the other hand, the gratings are
working at different frequencies, as observed in this paper, where the gratings are
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working at 193.78 THz and 193.85 THz, the result shows a separate reflection of diffe-
rent amplitude for each sensor at the frequency of the grating.

The most relevant aspect of the study conducted here relies on the large differences
resulting from the analysis in the time domain and in the frequency domain. The
implementation of an interrogator with TDR multiplexing may lead to better results
and affect the data signal to a lesser extent. However, it has limited interrogation
bandwidth and low power, which can lead to ambiguous detection results. In con-
trast, having a pure broadband source, such as an interrogator, it provides ideal ove-
rall power levels for the FBG-based detection system, but great care must be taken
with the laser linewidth and free spectral range, so as not to affect the data signal.

It should be noted that, since the data signal is only sent in one direction, it can only
be affected by the frequency of the interrogator, thus, even if several Bragg gratings
are used, they will not have an impact on the data signal, although they will have
an impact on the reflected signal and therefore on the sensor response. The design
developed here can include several hundreds of these sensors in a single fiber optic
cable, which facilitates its installation and use on an operational network.
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