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Abstract

Engineering profiles focused on next-generation optical networks are gaining
immense importance due to new emerging services and the amount of data
expected in future network scenarios. In fact, not only are optical access
networks leading to a major revolution in the network industry, but passive
optical networks are the most widely deployed access networks worldwide
today. This should be a strong incentive for universities to train their students
in these innovative and recent technologies. In this vein, we propose the
deployment of an optical communication laboratory with on-site experimental
sessions in which students work with commercial equipment and realistic
working environments. These working environments are necessary to train
professionals in the area of optical networks. However, due to the high cost of
the optical communications equipment, it is not possible to have a working
place for each group and we combine these experimental sessions with some
simulation sessions to complete the training. We present the design of this lab
and a qualitative and quantitative study aimed at analyzing students’ experi-
ences, the skills they have acquired, and the potential impact on their future
careers. This study shows that students have a very positive perception of the
lab, emphasizing that working with real equipment helps them improve
technical skills and assimilate theoretical knowledge. They also point out they
would like a higher number of subjects in their degrees to employ this type of
lab. Finally, students perceive these sessions as very useful for their profes-
sional future.
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1 | INTRODUCTION

The European Higher Education Area (EHEA) has
promoted a new educational paradigm that affects
many aspects of the teaching process, moving from an
educational scenario focused on teaching content to
an educational scenario focused on learning skills and
competencies. The EHEA has redesigned the struc-
ture and contents of curricula, increasing their re-
lationship with professional profiles, and focusing on
learning outcomes and competencies students should
acquire to accommodate individual, academic, and
labor market needs [6]. In this educational context,
the professional profile and learning outcomes re-
garding the area of optical communications are of
great importance nowadays, as optical communica-
tion systems and networks are essential to efficiently
transport the huge volume of data traffic due to new
emerging services (Tactile Internet, video gaming,
and Internet of Things). Therefore, there is a need to
train professionals in this area, and future engineers
should acquire knowledge and skills related to next-
generation access and core networks based on optical
fiber technologies.

In fact, optical access networks are acquiring great
relevance due to their strong global deployment, as
traditional access technologies (coaxial and copper
cable) were unable to cope with the increasing amount
of traffic that networks should carry nowadays. Passive
optical networks (PONs) are thus becoming the main
high-speed solution for wired deployed access in all
countries, and they have the potential to reach high
market penetration in the short and medium term. In
fact, a recent report of the FTTH Council in Europe
(April 2020) [8] shows that in 2019, more than 172
million households in Europe were connected to FTTH/
B (Fiber To The Home/Building), that is around 38.2%
of all households. But the expectations of the FTTH

Council for the next years (2020-2025) are that the
number of connected households in 2020 will be 189
million and this value will increase in 2025 up to 263
million [9]. In this future network scenario, PON solu-
tions will be the predominant FTTH architectures, in-
creasing up to 73% of the total deployed access networks
by 2025. This fact emphasizes the need to include sub-
jects related to these technologies in the curricula, not
only including theoretical knowledge but also practical,
mainly by using hardware as closer to the commercial
one as possible.

The typical topology of a PON follows a tree scheme
between an optical line terminal (OLT), located in the
Central Office, and several optical network terminals
(ONT), located at the user's houses (Figure 1) [18]. The
connection between the OLT and the ONTs is done
using optical splitters. These access networks use optical
fiber and work on two different channels with a dif-
ferent wavelength dedicated to each channel. In the
downstream channel, the connectivity between the OLT
and the ONTs is point-to-multipoint, and a wavelength
of 1490 nm is used for transmission. In contrast, in the
upstream channel, from ONTs to the OLT, PONs have
multipoint-to-point connectivity so all ONTs share the
same wavelength, which is 1310 nm. Consequently, a
MAC (medium access control) protocol based on TDMA
(time division multiple access) is deployed to avoid data
collisions of different ONTs.

Therefore, PONs can be analyzed from two differ-
ent perspectives. On the one hand, the analysis of the
physical layer in the upstream and downstream chan-
nels, because a real-time PON monitoring allows us to
detect and locate fiber faults in any branch of the
distribution fiber or in the feeder, and this process
becomes critical for the flawless performance of a PON.
In fact, PON monitoring at the physical layer reduces
the provisioning time and the maintenance cost and it
increases the quality of experiences of network

FIGURE 1 Typical topology of a traditional
Passive Optical Network (PON) architecture
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subscribers. On the other hand, the quality of service
(QoS) and efficient management of network resources
are also key elements in PONSs, especially with the new
emerging services and applications. In fact, the end-to-
end delay and the allocated bandwidth are becoming
important limiting factors for the wusers’ experi-
ence [17,19].

Due to the importance of the PON technology in the
access network market, and the need to train en-
gineering students in this area, we have deployed a
GPON testbed (a PON based on the Gigabit standard)
[15] in the optical communications laboratory at the
High School of Telecommunications of the University of
Valladolid (Spain) [20]. The GPON testbed mimics the
configuration of a generic network provider, thus pro-
viding different services and having a set of predefined
user profiles with different QoS requirements. Students
use this network configuration and associated equip-
ment to learn about different topics related to physical
layer analysis and performance measurement, as well as
to build and test optical connectors and make fusion
splices, using professional equipment, thereby acquiring
hands-on experience. However, due to the high cost of
the optical equipment, all the groups cannot work in the
experimental sessions at the same time, so we combine
these experimental lab sessions with simulation ses-
sions so that students can achieve the required compe-
tencies of the curricula. Even more, the configuration of
the GPON environment also opens the door for training
students on network configuration, and management
and resource allocation in GPONs and PON infra-
structures in general. In this paper, we describe the
testbed configuration as well as a set of lab sessions
related to the physical layer of optical communication
networks and systems combining simulation with ex-
perimental work. A preliminary description of the la-
boratory was presented in Valladolid.

The paper is organized as follows. Section 2 briefly
reviews the basic competencies and skills required in
the area of optical communications and then describes a
number of approaches for setting educational labs in
this field. Then, Section 3 presents the subjects related
to optical communications in the School of Tele-
communications and briefly describes the adopted so-
lution, which includes simulation and experimental
labs. Section 4 defines the setup of the GPON testbed at
the optical communications laboratory, and Section 5
summarizes the experiments students carry out.
Section 6 describes the simulation lab sessions. The
conducted qualitative and quantitative research study,
and the achieved results are presented in Section 7.
Finally, Section 8 shows the most relevant conclusions
obtained in this study.

2 | COMPETENCIES AND SKILLS IN
THE AREA OF OPTICAL
COMMUNICATIONS AND
APPROACHES FOR SETTING
EDUCATIONAL LABS

There are many professional profiles related to the
area of optical communication systems and networks,
ranging from research profiles to sales profiles, and
including those focused on the design, management,
and certification of these systems [4]. Independent of
the future specific professional profile of each stu-
dent, a set of generic formative objectives can be de-
fined. First, the students should acquire basic
knowledge of optical communications, including to-
pics like the characteristics of light, the fundamentals
of transmission, reception, and pulse propagation,
and the kind of components used in these systems.
This should provide a solid background for other
competencies to be acquired by the students.

The students must acquire a set of competencies to
do analytical calculations, search and employ data
sheets and application notes, and finally simulate and
design systems and networks using existing tools or
implementing them. Then, the curriculum must also
offer the possibility to the students of acquiring ex-
perimental competencies, including the use of typical
optical communication equipment (like power moni-
tors, digital oscilloscopes or optical time domain re-
flectometers [OTDR]) for measuring basic parameters
of optical communication systems. These experi-
mental competencies are aligned with the qualifica-
tions published by the FOA (fiber optical activities),
an international nonprofit educational association
that promotes professionalism in fiber optics through
education, certification, and standards [32]. However,
the high cost associated with equipment is a sig-
nificant issue when designing a curriculum in
this area.

Of course, there is another set of competencies common
to every engineer, no matter what his or her field of work is.
This includes transversal competencies such as technical
writing, oral skills, and teamwork, to name just a few.

As we have just mentioned, one of the main difficulties
of setting labs to train students in optical communications is
the high cost of the required equipment. Consequently,
many approaches involve combining on-site and virtual la-
boratories, as well as the use of interactive applications and
simulation platforms. For instance, Prado et al. [28] have
programmed an interactive and graphic learning tool to
understand the operation and performance of single-mode
optical fiber in different conditions. Its importance lies in the
fact that single-mode optical fiber is one of the most
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extended wired transmission media, especially for high-
speed network communications, and its efficiency depends
on some effects such as attenuation, chromatic dispersion, or
nonlinear effects. Merayo et al. [21] have developed a set of
Android applications to clarify optical communication con-
cepts required in laboratory subjects, so students are pro-
vided with complementary and graphical tools to enforce
their learning process. On the other hand, Gamo [11] has
developed a virtual laboratory, called OPTILAB, which is
used to complement an on-site traditional laboratory. Stu-
dents can carry out some experiments using the virtual la-
boratory in advance, and then compare the results of the
virtual lab with those obtained in the classroom laboratory,
thus making on-site lab sessions more efficient. Besides,
Akram et al. [1] have developed a fiber-optic communication
educational toolkit platform to perform experiments on-site
or remotely using low-cost and flexible equipment (such as
FPGAs) to study high-speed communications systems. Other
alternatives are related to the use of educational kits like
those developed by Newport [23] or Thorlabs [33]. These kits
enable performing many classic experiments regarding
physics, optics, and photonics. However, this type of ap-
proach is less interesting for engineering degrees and more
targeted towards physics degrees. On the contrary, virtual
reality (VR) is also becoming a reality in engineering edu-
cation. As an example, the project presented in Reference
[12] shows the development of a VR module, which provides
a virtual laboratory with realistic VR models of optical de-
vices in which students perform experiments about laser
diode characteristics and fiber coupling.

Hinton et al. [14] have developed a technology-
enhanced learning environment for an undergraduate
course on optical fiber communications, which in-
cludes interactive simulations and a virtual lab.
Moreover, Ullah et al. [34] have implemented a si-
mulation model of a wavelength division multiplexed
passive optical network (WDM-PON) in the simula-
tion environment OptiSystem [25]. This WDM-PON
simulator makes it possible to analyze physical para-
meters such as power penalties, Q-factors, or eye
diagrams, which helps to understand the principles of
operation of next-generation access networks infra-
structures using simulation techniques. Finally, a
quite recent paper, by Aydin et al. [2], describes a
fiber optic training program that combines real
equipment and simulation platforms. This program
includes the installation of FTTx and DVB-X (digital
video broadcast—satellite, cable) devices typical in
fiber optic cable infrastructure, and includes real la-
boratory experimentation, simulation platforms, and
field practices. The experimental part includes splice
backbone fiber optic cables and to point-to-point line
measurements in digital video infrastructures.

3 | DESCRIPTION OF OUR OPTICAL
COMMUNICATIONS SUBJECTS

At the time of writing, there are two undergraduate degrees
at the High School of Telecommunications of the University
of Valladolid [29]. Both degrees have a third-year compul-
sory subject, focused on the fundamentals of Optical Com-
munications, and a fourth-year elective subject focused on
more advanced Optical Communication Systems and Op-
tical Networking. Each of these subjects is taught throughout
a semester and has an academic workload of six ECTS
(European Credit Transfer and Accumulation System). The
third-year subjects usually have around 24-30 students, and
the fourth-year subjects around 12-18.

Specific objectives associated with each of the com-
petencies summarized in Section 2 are defined for each
subject, and suitable contents and methodologies have
been selected for them. These subjects consist of lectures
and laboratory sessions about theoretical and experi-
mental optical communications concepts. As we have
described in Section 2, there are many approaches to set
educational labs in optical communications. Our ap-
proach has consisted in combining the use of simulation
platforms with experimental work. In this way, the la-
boratories consist of two distinct parts.

In one of those parts, students work with simulation
platforms. In the third-year subjects, students use OptSim,
a software developed by RSoft [27] to design and simulate
optical communication systems. OptSim is widely em-
ployed in optical network research, but also for educa-
tional purposes. In the fourth-year subjects, students
employ the Net2Plan open-source network planner si-
mulator [22] and the OMNeT++ discrete event simulator
[24] to acquire competencies related to network planning
and control of optical networks. Therefore, the subjects of
both courses (third and fourth) complement each other
because the third-year course focuses on the physical layer
and the fourth-year course focuses on the control layer.

The other part of the lab in the third year subjects
consists of two sessions focusing on experimental issues
(3h each lab session). For this part, the first designed
courses included the use of a set of training kits com-
mercialized by Newport [23]. As discussed in Section 2,
these kits are well oriented to demonstrate many physical
optical concepts (very valuable in that sense), but the
type of experiments, components and equipment used,
does not really match the ones an optical communica-
tions engineer will typically face throughout his career.
Consequently, we redesigned our lab by taking a differ-
ent approach. We have adopted an approach as realistic
as possible, employing similar equipment, devices, and
networking scenarios students may face in the short or
medium term in their careers. In particular, we have
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FIGURE 2 Deployment of the GPON
testbed in the Optical Communication
Laboratory. (a) Connection between devices
and (b) block diagram of the panel
connections. GPON, passive optical
networks based on the Gigabit standard;
OLT, optical line terminal; ONT, optical
network terminal; SMF, single-mode fiber

Fiber Connection panel

built a laboratory testbed, based on GPON architectures
(the most widely deployed high-speed access network
technology all over the world), thus transforming the on-
site laboratory into a professional environment that
brings students closer to a more realistic vision of their
future work, increasing their motivation and providing
them with meaningful and functional learning experi-
ences. It should be emphasized that companies and as-
sociations in the field of fiber optics support the
deployment of this type of professional network labora-
tory for training future engineers. This idea is also
aligned with some experiences described in Section 2, for
instance, experiments in Reference [2] were based on
interviews with industry representatives in fiber optic
installations. Besides this, photonic companies (Thorlabs
[33] or Fiber Optika [7]) provide educational kits re-
garding optic technologies and companies (Corning [3])
offer training courses regarding optical networks. Finally,
manufacturers of PON equipment, such as Telnet-RI
[31], also support this training program in Universities.

In the first session of our experimental lab, aligned
with the general competencies of the FOA (described in
Section 2), students learn to build fiber connectors and to
splice fibers using a professional and automatic optical
splicer. In another of our lab sessions, students use
OTDR and digital oscilloscopes to analyze and measure
performance metrics of the GPON testbed, so this is also
consistent with the general experimental competencies
outlined in Section 2. However, due to the cost of devices

(b)

GPON BLOCK DIAGRAM

VIDEO MODULATOR

- 48 FO 48FO =

and equipment (also mentioned in Section 2), a single
testbed has been set up in our lab, and we employ a
rotatory strategy so that all students can complete the
assignments related to the testbed along the semester.
Thus, in each lab session, one group of students is
working in the testbed, and another in the connection
and fiber splicing tasks, whereas the remaining groups
are working in the simulation sessions previously men-
tioned. This approach and strategy have economically
allowed us the deployment of this type of network in-
frastructure in teaching laboratories oriented to en-
gineering degrees. We think this strategy can be followed
by other universities. Therefore, in addition to being an
affordable approach, it meets the general experimental
competencies described in Section 2.

4 | DESCRIPTION OF THE GPON
INFRASTRUCTURE AND EQUIPMENT IN
THE LABORATORY

The GPON infrastructure of the lab is shown in Figure 2a.
The network was set up with equipment and devices from
the manufacturer Telnet-RI [31]. In particular, we use the
SmartOLT 350 (typically located at the Central Office in a
real network), which complies with the ITU-T G.984 [15]
and G.988 specifications [16] and implements a GPON in-
terface of 2.488 Gbps in the downstream channel and
1.244Gbps in the upstream channel. The SmartOLT
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includes four ports and each port supports up to 64 ONTSs.
To connect the OLT with the optical splitter, we have de-
ployed two spools of 5km and one of 10km of SSMF
(standard single-mode fiber), which give flexibility in con-
figuring the total length of the GPON (plus the length of the
distribution fiber, as later described). The GPON testbed also
has two optical splitters (1:8) deployed to configure a two-
stage splitting topology. Then, the splitters (passive couplers)
are connected to the ONTSs by distribution fibers. The length
of each link can be individually configured by a connection
panel from 100 meters up to S5km, as it is shown in
Figure 2b. In this way, the GPON testbed can be used to
configure realistic network scenarios where users are located
at different distances from the Central Office (OLT). In fact,
this flexibility allows, from the teaching point of view, to
make different network configurations to be tested by stu-
dents. Finally, our GPON testbed is equipped with four Level
3 model ONTs (Wave Access 3021) [31], which means that
they integrate router functionalities and two Level 2 (without
router functionalities) ONTs (Wave Access 512) that comply
with the ITU-T G.984.x/G.988 recommendations. Besides
this, the OLT provides residential users (via the ONTSs) with
service profiles of different priorities and characteristics.
These services can be configured in two different ways with
specific software provided by the vendor: Using a visual tool
(TELNET GPON Management System), or directly, acces-
sing the OLT via the Command Line Interface (CLI) through
its configuration port. To analyze the physical layer of the
GPON testbed, students learn to use OTDRs and digital os-
cilloscopes. Specifically, they use the Hewlett-Packard
8147 A OTDR [13] to analyze the optical events in the
GPON network (Figure 3), and the digital storage oscillo-
scopes Agilent DSO90254A [26] and 86100B [5] to analyze
signals and optical parameters in the physical layer of the
GPON (Figure 4). We employ two oscilloscopes models so

FIGURE 3 Picture of the Hewlett-Packard 8147 A optical time
domain reflectometer

that students can learn to configure different models and
they can train with different equipment.

On the contrary, students learn to build optical con-
nectors commonly used for telecom applications and
network environments, as connections between optical
devices are crucial for the optimal performance of the
optical networks. To build connectors, students learn to
prepare the fiber ends, cleaning and cleaving them. For
this, a Fujikura CT-06 cleaver [10] is used (Figure 5).
Besides this, during the experimental lab sessions students
employ an automatic fusion splicer model T-201eVS/M4
of Sumitomo [30] to make fusion splices in multimode
fibers (Figure 6).

5 | SUMMARY OF THE LAB
EXPERIMENTS

In this section, we describe the experiments carried out by
third-year students using the aforementioned infra-
structure and equipment during two lab sessions (3 h each
session), one focused on connectors and the other focused
on the physical analysis of the GPON testbed. At the end
of these lab sessions, the students should be able to use
optical instrumentation and equipment to make optical
connectors and fusion splices, as well as to measure and
analyze signals and basic optical parameters of the phy-
sical layer of a GPON, characterizing both upstream and
downstream channels. The methodology of the laboratory
sessions is summarized as follows:

o First, at least 1 week in advance of the session, a lab
guide is published in the learning management system
(LMS) course associated with the subject.

o Then, during the first 10 min of the on-site session,
students must individually fill out a questionnaire to
check if they have read and understood the lab guide
before proceeding with the experiments.

o During the on-site session, the instructor provides
specific instructions of the steps that students have to
follow and supervises the progress of the work.

o During the on-site session, students have to fill out a
template given by the teacher, with the results ob-
tained in the session, and answering related questions.

Moreover, we have published in the link http://
uvadoc.uva.es/handle/10324/46275 these lab guides, the
questionnaires given to students at the beginning of the
session, the guidelines given during the lab session and
the template the students must complete. However, as
the original resources are in Spanish, all the documents
have also been published at the link http://uvadoc.uva.
es/handle/10324/46274.
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FIGURE 4 Picture of the optical digital
storage oscilloscopes of Agilent model
DS090254A and 86100B

FIGURE 5 Picture of the cleaver model of the laboratory

€ SUMITOMO ELECTRIC

FIGURE 6 Picture of the Sumitomo T-201EVS/M4 fusion
splicer

5.1 | LAB 1: Connectors and fusion

splices

In this lab session, students assemble connectors
using the epoxy technique and splice fibers by fusing
them. When assembling connectors, the first step
consists in the preparation of the fiber ends by

removing fiber coatings using mechanical strippers
(Figure 7a,b). Then, the fiber must be cleaved, as the
fiber-end faces must be flat, smooth, and perpendi-
cular to the fiber axis to ensure a good fiber connec-
tion. This process is made using an automatic cleaver
(Figure 7c,d). The last step consists in building the
connectors by using FC (Ferrule connector)/PC
(physical contact) and ST (straight tip connector)/PC
connectors, used in multiple telecom applications and
network environments. In fact, Figure 7e shows a ST/
FC connector.

To make fusion splicing, students learn to use an
automatic fusion splicer (Figure 8). The splicer has sev-
eral predefined programs that allow to automatically
fusion splice different types of fiber, both multimode and
single-mode fibers. Figure 8a shows how the fiber ends
are aligned inside the fiber holders just before splicing
both ends and Figure 8b shows the splice protection of
plastic to protect the fusion splice.

Students also have to check the characteristics of
the connectors and fusion splices they made, by using
optical fiber microscopes and OTDRs, respectively.
The OTDR is an optoelectronic instrument used to
characterize optical fibers. It injects optical pulses
into the fiber under test in one of its ends, and ex-
tracts, from the same end, the light that is reflected
back (scattered) from points along the fiber (Rayleigh
Backscatter phenomena). The reflected light is used to
characterize the attenuation of the optical fiber and
the strength of the returned pulses is measured and
plotted as a function of the fiber length. Besides this, a
microscope for fiber inspection is used for visual in-
spection of connectors. This kind of microscope has a
fixture to hold the fiber or connector steady in the
field of view and a light source to illuminate the
connector. Therefore, this lab session also permits
students to acquire experimental competencies re-
lated to the use of optical communication measure-
ment equipment. Therefore, in summary, in this lab
session, students have to use different optical com-
ponents and tools to achieve the next learning
objectives:
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FIGURE 7 Some pictures regarding building connectors. (a) Removing fiber coating with mechanical strippers, (b) process to prepare
the fiber ends, (c) insertion of the fiber inside the cleaver, (d) fiber cleaved, and (e) visualization of an assembled connector (straight tip
connector/Ferrule connector)

(@) (b)

FIGURE 8 Some pictures regarding the automatic fusion splicer. (a) Visualization of the fusion made by the automatic fusion splicer
and (b) visualization of the made fusion with the plastic protection
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o To build a fiber optic connector using the epoxy
technique.

o To check the quality of these connectors using fiber
optic microscopes/inspectors.

o To perform fusion splices in multimode fibers.

o To check the performance of fusion splices using
an OTDR.

5.2 | LAB 2: Physical analysis of the
GPON testbed

This second lab consists of two different parts focused on
the GPON testbed. In the first part of the lab, students
use the OTDR to analyze the physical parameters of the
fiber and the infrastructure. In the second part, students
use digital oscilloscopes to analyze the transmitted sig-
nals and related optical parameters. The setup of the
GPON testbed and the measurement equipment is shown
in Figure 9.

5.2.1 | Use of the OTDR to analyze physical
parameters of the fiber in the GPON testbed

As described in the previous section, an OTDR is an
optoelectronic instrument used to characterize optical
fibers and the strength of the returned pulses is mea-
sured and plotted as a function of the fiber length, as it
can be observed in Figure 10a. An OTDR helps to check
if the optical links of a network comply with the basic
quality of transmission requirements. These require-
ments can be related to the accumulative attenuation in

FIGURE 9 The GPON (passive optical networks based on the
Gigabit standard) testbed and the optical instrumentation used
during the experimental sessions

the link or to detect problems (points with massive re-
flections or abrupt attenuations) at any place of the link.
Therefore, this device visually shows information of
every detected event in the optical link, such as the
location, length, and state of passive components such
as splices or connectors. The OTDR can as well detect
cuts or abnormal performance of the optical fiber and
their location in the link. The detection of these events
is very dependent on the configuration of the optical
pulses. As described in Section 4, the flexibility of the
GPON testbed allows the instructor to set up different
network link scenarios to be tested by students. Stu-
dents should achieve, in this part of the lab session, the
next main objectives:

o To configure and use the OTDR correctly and effi-
ciently to obtain information of a fiber installation, in
that case in the GPON testbed.

o To locate and to interpret the different events vi-
sualized by the OTDR along the GPON link in both
directions, downstream and upstream. To visualize
the events in the GPON link, we should connect the
OTDR to one end of the network, so we disconnect
the fiber cable from an ONT and connect the said
cable to the OTDR input, as we can observed in the
setup of Figure 10b. Besides this, an event is any
situation in which there are reflections or losses
other than the dispersion produced by the fiber.
Examples of such events are:

- Connectors. They are characterized by causing a
strong reflectivity (spike). Moreover, the normal
situation in a fiber link is to have one connector at
the beginning and one at the end of the link, so
there will be two strong reflectivity peaks at both
ends. The difference between the two is that at the
extreme end, once the effect of the connector has
passed, the signal level drops to the noise level of
the device, as we can observe at the end of
Figure 10a.

- Fiber failures such as breaks/cuts. They are nonre-
flective events and there is a drop in intensity down to
the noise level.

— Fusion splices. They don't cause a strong reflectivity
(spike) as a refractive index jump does not occur. In
this situation, it is normal to detect some type of loss
(very small) in the fiber (Figure 10b).

- Cracks. A fiber that is partially damaged but whose
continuity has not been completely destroyed. It will
introduce reflections and losses.

— Curvatures. They are nonreflective events so the pat-
tern will be the same as in the case of a fusion splice.
To distinguish both types of events is quite useful to
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FIGURE 10 Visualization of events using the optical time domain reflectometer (OTDR). (a) Visualization of events in the fiber of the

GPON (passive optical networks based on the Gigabit standard) testbed and (b) setup block diagram

test the system at different wavelengths as curvatures
have greater losses at a higher wavelength, compared
to splices whose losses are independent of the
wavelength.

o To understand the impact of using different config-
urations of the OTDR. Therefore, to locate events on
the fiber, it is necessary to establish a suitable OTDR
configuration. Thus, the most important OTDR con-
figurable parameters are:

— Pulse width. This parameter determines the duration of
the pulse emitted to the fiber optic link. Shorter pulse
width is selected for short lengths as this maximizes
resolution while minimizing power output. Short pulse
widths are especially useful for evaluating cable seg-
ments closer to the OTDR and for detecting events near
a connector or splice. Besides this, longer pulse widths
are useful when testing longer fiber links, as more
optical power is required to produce sufficient back-
scatter at long distances from the OTDR.

- Averaging time. In general, more accurate measure-
ments are usually achieved by calculating the average
of several repetitions of the same test. This principle is
also valid for OTDR measurements. Longer averaging
times, that is, based on a greater number of repetitions
of the same test, will provide a measurement with a
better signal-to-noise ratio, although it will require
more time.

- Dynamic range. The dynamic range of an OTDR de-
termines how long a fiber can be measured (it is listed
as a dB value) and larger values generally mean longer
distance measurement capability.

- Refractive index. An OTDR calculates distances by
measuring the time elapsed from the transmission of a
light pulse to the reception of its reflection and the
calculation of the distance from time is done by means
of the refractive index. Therefore, it is necessary to

know exactly the fiber that we are using to calculate
the distance.

5.2.2 | Use of digital oscilloscopes to analyze
physical parameters of the GPON testbed

In this part of the lab session, students learn to use digital
oscilloscopes to analyze the optical signals transmitted by
the OLT and by the ONTs (located at the user's side),
evaluating the eye diagrams, the mask test on the eye
diagrams, the Q-factor, the bit error rate (BER), the ex-
tinction ratio, and the rise/fall times of the transmitters,
which are key elements to assess the performance and
quality of optical signals.

First, students analyze the optical and electrical sig-
nals at the output of the OLT with the aim that students
can be able to detect the difference of the signals in both
domains, that is, optical and electrical. To simultaneously
visualize and analyze the optical and the electrical eye
diagrams (Figure 11), the output of the OLT is connected
to an optical coupler, which divides the optical signal
into two outputs (Figure 12a). One output of the coupler
directly goes to Channel 1 of the oscilloscope and the
other goes to an optical receiver that converts the optical
signal to electrical, and this signal is connected to
Channel 2 of the oscilloscope, as we can observe in the
setup of Figure 12b. Moreover, the same setup is done to
visualize the frames of ONTSs, but in this case connecting
the output of the ONTs to the digital oscilloscope
(Channels 1 and 2).

Students also have to visualize and analyze using the
oscilloscope the data frames transmitted by the OLT
(Figure 13) and by the ONTs (Figure 14). For instance,
Figure 14 shows a sequence of data frames sent by dif-
ferent ONTs (each of them with different instantaneous
optical powers) for a period of time (called slot time in
Figure 14) which depends on the TDMA protocol used in
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FIGURE 11 Optical (yellow) and the
electrical (green) eye diagrams at the output of
the optical line terminal

the upstream channel (medium access control protocol
used in GPON). As we can see in Figure 14, each ONT
transmits during a different slot time, as all ONTs share
the same upstream wavelength and the OLT allocates a
different slot time to each ONT. Moreover, the guard
time and the preamble of the frames transmitted by
ONTs can also be observed and analyzed in Figure 15.
Finally, students also analyze the eye diagram of the
signals transmitted by the ONTs. Indeed, several
physical-layer parameters are used to characterize optical
signals, and most of these have specific limits and test
conditions. Thus, in summary, the experimental setup is
shown in Figure 12a,b permits students to attain the
following objectives:

o To use digital oscilloscopes to visualize and compare
the optical and the electrical eye diagrams,

g e
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permitting students to detect differences between
signals in both domains (optical and electrical), for
instance, the overshooting effect of the laser of the
OLT in the optical domain. Indeed, students compare
the same signal in the digital oscilloscope using
Channel 1 (optical signal) and 2 (electrical signal) as
was previously explained.

To measure and compare rise/fall times, extinction
ratio measurements or the eye patterns (eye diagrams)
of GPON signals. In this way, extinction ratio mea-
surements are typically performed on eye diagrams
using a digitizing oscilloscope and it is an important
measure of the quality of an optical signal. The ex-
tinction ratio is the relationship between the power
used to transmit a binary “1” and the power to
transmit a binary “0” (in dB) and it is desirable to have
large differences between these powers to achieve

Digital
Oscilloscope

-

Channel 1

Channel 2
Optical

Receiver
coupler

FIGURE 12 Connection of the optical line terminal (OLT) to the digital oscilloscope to visualize the optical and electrical eye diagrams

(a) real deployment in the laboratory (b) setup block diagram
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high network performance. Besides this, eye patterns
are widely used for analyzing the quality and the
stability of optical systems. Then, open eye patterns
correspond to minimal signal distortion and close eye
patterns correspond to high signal distortion (noise or
interference). The values of these parameters can be
directly visualized in the digital oscilloscope using the
setup configuration of Figure 12b.

Data frames with the information transmitted by the optical line terminal

FIGURE 14 Data frames transmitted by the
connected optical network terminals

o To measure the Q factor associated with a GPON

signal, and then to calculate the BER value using this
Q value. In fact, the BER is the percentage of bits that
have errors relative to the total number of bits re-
ceived and the Q factor suggests the minimum
signal-to-noise ratio required to obtain a specific
BER. Therefore, when these levels are above or below
certain levels (the most typical maximum BER is of
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FIGURE 15 Preamble and guard time of
data frames transmitted by optical network
terminals (ONT)

B
A
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107°), they can cause poor or high network perfor-
mance. Thus, students directly can observe these
parameters using the setup of Figure 12a,b and they
should discuss if these values cause poor or high
network performance.

o To visualize and analyze the data frames transmitted
by the OLT and ONTs, using the configuration of
Figure 12b. In fact, students will be able to distinguish
data frames of different ONTSs (slot time), as well as
the guard time and the preamble of frames trans-
mitted by ONTs (Figures 13-15).

6 | SUMMARY OF THE
SIMULATION EXPERIMENTS

As as mentioned before, our laboratory consists of com-
bining experimental sessions with simulation lab ses-
sions to acquire the required competencies. Therefore,
we follow previous experiences from different authors
that combine on-site with virtual laboratories. In our
case, in the third-year subjects, students use the OptSim
simulation platform to design and simulate optical
communication systems. The methodology of these la-
boratory sessions is the same as the one described in the
previous section. Specifically, during the simulation ses-
sions (3 h each session), students focus on:

o Session 1: Analyzing different optical modulation
techniques and fibers.

o Session 2: Analyzing the impact of attenuation in
optical communications systems.

Preamble Data of ONT

ok

o Session 3: Analyzing the impact of dispersion in op-
tical communication systems.

o Session 4: Analyzing a GPON network and its per-
formance at the physical layer using simulation
techniques to characterize the downstream channels
(Figure 16).

With these simulation sessions, students acquire a
set of competencies related to the simulation and
design of systems and networks, as was described in
Section 2. Moreover, these lab sessions help students
to understand certain complex and abstract processes
and phenomena regarding optical communications
which have been explained to them in the classroom.
In addition, the lab session regarding GPONs helps
students to relate the simulation performance with
the performance of a real network and consequently
they learn to design optical networks using simulation
techniques.

7 | RESEARCH STUDY OF
STUDENT FEEDBACK AND
DISCUSSION

To analyze the benefits of using professional optical in-
strumentation and realistic network scenarios, students of
the academic year 2018/19 were given an ad-hoc ques-
tionnaire, including quantitative and qualitative questions.
The number of students that answered this questionnaire
was 26, very close to the total number of students enrolled.
Unfortunately, the experimental lab could not be carried
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FIGURE 16 Simulation of a passive optical networks based on the Gigabit standard (GPON network) using the Optsim Platform

out in the 2019/20 academic year due to the COVID-19

pandemic, so only 2018/19 results are presented.
Regarding the quantitative analysis, students had to

score a set of statements between 0 and 5, according to

the Likert scale, being 0 “Do not agree, “ 1-2 “Little
agreement,” 3-4 “Quite agree,” and 5 “Totally agree.”
Table 1 summarizes the specific questions and the mean
score given by the students. As it can be observed, the

TABLE 1 Quantitative questions of the questionnaire with the mean score given by students to each
Questions

Q1: Lab sessions with real equipment/instrumentation have allowed me to improve knowledge in instrumentation and
optical systems.

Q2: Lab sessions with real equipment/instrumentation have allowed me to improve technical skills related to the use of
instrumentation

Q3: Lab sessions helped me assimilate/consolidate theoretical knowledge related to the subject and to relate practice
with theory

Q4: Lab sessions have allowed me to understand certain parameters studied in the classroom (attenuation, losses,
powers, bit error rate, and eye diagram)

Q5: Lab sessions have allowed me to handle certain components/devices and understand procedures studied in the
classroom (fiber, connectors, fusions, optical time domain reflectometer, etc.)

Q6: Lab sessions have provided me the chance to work with devices/technologies that could be useful for my future
career if I work in the field (optical networking)

Q7: Lab sessions with real and current instrumentation/devices is a relevant resource to acquire knowledge in subjects

Q8: Lab sessions are up to date regarding cases that I could find or analyze in current networks

Mean score

4.7

4.7

4.7

4.6

4.8

4.4

4.75
4.2
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Q1: Labs sessions have allowed me to improve knowledge

ininstr ion and in optical systems
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FIGURE 17 Average score given by students to question Q1

mean score given by the students to each question is
always higher or equal to 4.2 over 5, with a global average
value, considering all the questions, of 4.6.

To analyze these results in more detail, histograms as-
sociated to some of these questions are shown next. First,
Figures 17-19 show the answers of the students regarding
questions Q1, Q5, and Q7, respectively. Figure 17 shows that
66.7% of students totally agree with the statement that the
experimental lab sessions have helped them improve their
knowledge of instrumentation and optical systems (score of
5) and the remaining 33.3% of them quite agree with this fact
(score of 4).

The answers to question Q5 (Figure 18) show that 79.2%
of students give a score of 5 (“Totally agree”) and the re-
maining 20.8% a score of 4 (“Quite agree”). Consequently,

Q7: Labs sessions with real and current instrumentation/devices

2 is a relevant resource to acquire knowledge in subjects
T ¥ 1 I 1 1 I

20 + -
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FIGURE 18 Average score given by students to question Q5
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FIGURE 19 Average score given by students to question Q7

Q6: Labs sessions have provided me the opportunity to work with devices/tecnologies

that could be useful for my future career if | work in this field
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FIGURE 20 Average score given by students to question Q6

Q8: Labs sessions are up to date regarding cases that | could
24 find or analyze in current netwokrs
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FIGURE 21 Average score given by students to question Q8
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TABLE 2 Quantitative questions of the questionnaire with the mean score given by students to each question

Questions

More most repeated responses

Q10: What was the best part of the « To experiment with real optical equipment and instrumentation used at a

experimental lab sessions?

professional level.

« To make fusion splicing in optical fibers

Adequacy of laboratory content with theory.

« To experiment with real networks on a physical level.

Q11: What was the worst part of the » To have only two experimental sessions. We would like to replace more simulation

experimental lab sessions?

sessions with experimental work in the lab.

« To have so few experimental lab sessions.

Q12: Do you have any additional comments, « Experimental sessions are very attractive and enjoyable.

suggestions?

Regarding optical connectors and fiber splicing, we can observe how every little

detail matter and helps us understand how they behave physically.

of analysis.

Regarding the GPON testbed, it is a very good example to put us in a real situation

« Experimental sessions have a plus of placing us in an environment that may be
similar to the one we can find in a future.

« Experimental sessions are essential for the student to complete their training with a
methodology that is sometimes scarce throughout the degree.

students clearly perceive that the experimental sessions help
them to handle real optical components and devices and
understand processes studied in the classroom. Furthermore,
regarding question Q7, it can be seen in Figure 19 that 75%
of students give a score of 5 (“Totally agree”) and 25% of
them a score of 4 (“Quite agree”). One more time, it can be
stated that the proposed lab sessions with real and com-
mercial instrumentation is, according to the students, a re-
levant resource to better acquire knowledge in the subjects.

On the contrary, students perceive that the technologies
and devices used in the lab could be very helpful for their
professional career if they worked in the future in this area
(question Q6), as 54.2% of students give a score of 5 (“Totally
agree”), 33.3% of them a score of 4 (“Quite agree”) and 12.5%
a score of 3 (“Quite agree”), as shown in Figure 20. Finally,
Figure 21, regarding question Q8, shows that students also
perceive that these sessions are quite up to date according to
cases that they could find or analyze in current optical net-
works and systems. This perception of the students is also
supported by the teacher's feedback and certain extra
homework that students are encouraged to do. Indeed,
during these specific lab sessions, students are explained the
importance of FTTH/PON deployments worldwide and its
penetration forecast for the next few years. In addition,
students are encouraged to look for recent news regarding
the current deployment of these technologies and their
short-term trends in the coming years.

To complement the quantitative research, the ques-
tionnaire also included qualitative questions. Students were
asked for the best and worst points of the experimental la-
boratory, as well as for any comments or suggestions they
could have. These questions, with the most repeated re-
sponses given by students, are shown in Table 2. When

students were asked for the best part of the lab sessions
(Q10), they emphasized the utilization of commercial and
up-to-date optical equipment, the analysis of real networks,
and the realization of real procedures regarding optical
technologies. In fact, most of the additional comments of the
students (Q12) were also along those lines. They stated that
experimental sessions were very attractive, and they high-
lighted the realistic settings of the labs, which they consider
very relevant as part of their training. Regarding the negative
points (Q11), they stressed the need for additional time to
complete the experiments in these sessions. It is also worthy
to note that the students also mentioned as a negative point
not having more experimental sessions in the subject. In-
deed, students show a desire for eminently experimental
laboratories, not only in this, but also in other subjects (Q12).

8 | CONCLUSIONS
The EHEA has changed the curricula of higher education
engineering degrees, promoting professional profiles and
relating the educational system with the needs of the
labor market. In this scenario, the learning outcomes for
optical communications are crucial as optical commu-
nication systems and networks become essential to sup-
port the future network traffic and the needs of new
emerging services. Therefore, it is necessary to train
professionals in these areas, and consequently, students
should acquire experimental skills related to next-
generation fiber networks and technologies.

Therefore, in this paper, we have proposed the design of
an optical communication laboratory with specific on-site
experimental and simulation sessions in which students
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train with commercial optical instrumentation and realistic
network environments. On the one hand, students learn to
build fiber connectors and make fiber splices using pro-
fessional equipment. Besides, we have described the de-
ployment of a GPON testbed, which allows the instructor to
set up different network link scenarios to be tested by
students. In this way, students learn to use an OTDR to
detect physical events (connectors, fusion splices, splitters,
attenuation), analyze the impact of these events, and di-
agnose problems in the optical fiber of the GPON testbed.
Moreover, students learn to configure digital oscilloscopes
to analyze data frames and eye diagrams, and to measure
optical parameters like Q factors, extinction ratio, or rise/
fall times. Furthermore, students learn to build optical
connectors commonly used for telecom applications and
network environments, as connections between optical
devices are crucial for the optimal performance of network
technologies. Furthermore, our approach also integrates
simulation lab sessions to overcome the high cost of optical
communication equipment in educational scenarios.

These laboratory experiments provide future telecom
engineers with important experimental skills and knowledge
regarding the most deployed next-generation optical net-
works in the world. One remarkable advantage of these lab
sessions is that students experience the professional in-
strumentation handling related to updated optical network
infrastructures. The results of the conducted qualitative and
quantitative research have supported these ideas, as students
emphasized the impact of experimental sessions on their
future career, for the acquisition of knowledge in optical
systems, and for their learning improvement in this area. In
fact, students have shown the need for more experimental
sessions not only in this subject but also in others of the
engineering degrees. Even more, it is also important to
mention that the GPON testbed is ready to be used in other
two more specialized fourth-grade subjects. In these ad-
vanced subjects, students learn to deal with QoS concepts in
networks and the efficient management of network re-
sources creating services and profiles with different re-
quirements and thus emulating the tasks of a real service
provider.

Finally, it should be emphasized that although the cost
of devices and equipment is an important issue, a single
GPON testbed can be used by all students along the se-
mester applying rotatory strategies. Thus, in each lab
session, one group of students can work in the testbed,
and another in the connection and fiber splicing tasks,
whereas the remaining groups are working in the simu-
lation labs previously mentioned. Therefore, the im-
plementation of this proposal can be affordable and
extrapolated to other universities for their application in
teaching laboratories of engineering degrees that focus on
these emerging areas.
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