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Preface

After the invention of the laser in the 1960s, the appearance of optical fibers 
enhanced applications that required the transportation of light from one place to 
another. As is well known, one of the main applications of optical fibers is optical 
communications, which were initially inefficient. Over time, different groups of 
scientists and engineers have been working to improve the efficiency of information 
transmission in optical fibers with materials that reduce absorption to the greatest 
extent possible. However, a large number of applications have been developed for 
which light absorption is not a real problem since the distances for sending informa-
tion can be very short. Therefore, the technological development of optical fibers, 
for short or long distances, has been applied to a variety of uses in different areas 
such as the armed forces, industry, medicine, scientific research, and of course in 
communications, to name a few.

Among the large number of applications that exist in optical fibers are different 
types of sensors, medical equipment to perform invasive surgeries, devices for 
industrial applications used in difficult access situations, various toys, decorative 
lighting, long-distance communications, and optical amplifiers, among others. 
Because of their great potential in applications and the advantages they offer over 
other systems, optical fibers will continue to be the subject of scientific research 
and technological development.
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Chapter 1

Introductory Chapter: Optical 
Fibers
Roghayeh Imani and Guillermo Huerta Cuellar

1. Optical fibers

The optical fibers invented by Kapany [1], based on the observations that John 
Tyndall made a few years before, have become the object of research, technological 
development, and applications to this day.

The optical fibers have the ability to transport a large amount of information 
between two points (emitter-receiver). Unlike the conductive cables that are com-
monly used for sending information, fiber-optic cables offer the advantage of being 
very light [2]. As for its physical characteristics, an optical fiber is commonly com-
pared to a human hair whose diameter is around 120 μm [3]. In terms of capacity 
for sending information, they can carry up to 20 billion light pulses per second [3]. 
Nowadays, due to the high transmission capacity and low absorption losses in an 
optical fiber, it is possible to send information over distances of more than 100 km 
without the need for repeaters. To carry out the sending of information from one 
point to another by means of a fiber-optic system, three basic elements should be 
considered as mentioned in Figure 1:

• A transmitter, which generates the wave signal to be transmitted, which is 
fed with the information to be sent

• Fiber-optic cable, which corresponds to the medium in which the information 
moves from the sender to the receiver

• Receiving system, which receives the information sent

In order to have mechanical support and total reflection of the light traveling 
in the fiber [4], avoiding absorption, the optical fiber is composed of three main 
elements (Figure 2):

• The core of the fiber, which is the fiber-optic glass where the light to be trans-
mitted moves

• The cladding, which consists of a thin layer of material whose purpose is to 
achieve light reflection in the fiber and prevent it from escaping, based on the 
principle of total internal reflection

• The coating, made of plastic, similar to that used on copper cables, which 
provides protection to the fiber against climatic factors, corrosion, or external 
damage
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Due to their ease of manufacturing, the optical fibers are made of glass and 
plastic; however due to their performance, the optical glass fibers are the most 
used due to the transmission length and their efficiencies. Basically there are 
two types of optical fibers, and they are defined by their ability to transmit 
information, which implies the type of application [4]. Those fiber types are 
mentioned next:

1. Single-mode fibers: they have a smaller diameter than multimode fibers. In 
this type of fibers, the light travels parallel to the axis which creates a small 
dispersion. In these fibers the modes of transmission are many, and therefore 
the distances that these fibers can cover can be more than 50 times those of 
multimodal fibers. These types of fibers are the most used by communications 
 companies.

2. Multimode fibers: they can send different data transmissions simultaneously 
on a single fiber. Its diameter is slightly larger than that of single-mode fibers, 
and it can be 50 and 62.5 μm, which allows light to enter at different angles.

Figure 3 shows a graphic comparison of the expected behavior in the two types 
of the mentioned fibers; the way of sending information between the fibers can be 
noted.

When the copper transmission capacity comparison is made, which allows a 
few million pulses per second, versus more than 20 million pulses that can be sent 
in an optical fiber, it is possible to appreciate the great efficiency advantage. It is 
understandable that communications companies can work with large amounts of 
information that would be limited with the use of conductive cables. Therefore, the 
great increase in the transmission of information that we can see on the Internet and 
the Word Wide Web has been achieved [5].

Figure 2. 
Principal elements of an optical fiber.

Figure 1. 
Basic schema of an optical communication system.



5

Introductory Chapter: Optical Fibers
DOI: http://dx.doi.org/10.5772/intechopen.91397

2. Optical fiber transmission

From the invention of optical fibers to the present day, research and techno-
logical development on optical fibers has been carried out [6]. The use of semi-
conductor devices coupled to fiber-optics in technological development for the 
transmission of information has evolved over time since 1980. Five generations of 
technological development have been implemented where fiber-optic technology 
coupled to semiconductor materials has increased the amount of information as 
well as the distance between repeaters (Table 1).

Figure 3. 
Simple graphical comparison between single-mode and multimode optical fibers.

Generation Type Year Bit rate Repeater 
spacing

Operating 
wavelength

First Graded-index fibers 1980 45 Mb/s 10 km 0.8 μm

Second Single-mode fibers 1985 100 Mb/s to 
1.7 Gb/s

50 km 1.3 μm

Third Single-mode lasers 1990 10 Gb/s 100 km 1.55 μm

Fourth Optical amplifiers 1996 10 Tb/s >10,000 1.45–1.62 μm

Fifth Raman amplification 2002 40–160 Gb/s 24,000–
35,000 km

1.53–1.57 μm

Table 1. 
Evolution of different generations of light wave systems.

Figure 4. 
Increase in the BL product from 1975 to 2000 through four generations of light wave systems. Different symbols 
are used for successive generations [4].
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Figure 4 shows the evolution of the first four generations of optical fiber 
coupled with laser devices as an emission source. Two mechanisms can be 
mentioned about the fourth generation to amplify the information that reaches 
a system; these are the rare earth-doped amplifiers and semiconductor ampli-
fiers [7, 8]. Additionally as mentioned in the fifth generation, there are Raman 
amplifiers [9].

Among the amplifiers doped with rare earths, those made with fiber-optic 
doped with erbium and doped with ytterbium can be mentioned [10–12]. The opti-
cal fibers doped with erbium are the most used for the construction of this type of 
amplifiers, among other sensors and other applications [13–16]. The above due to its 
low cost compared to the ytterbium and because its amplification window coincides 
with the third transmission window of silica-based optical fibers [17].

3. Optical fiber applications

Regarding the advantages of optical fibers for the transmission of informa-
tion and their multiple applications over existing methods such as those based on 
conductors such as copper, the following can be mentioned:

1. Perhaps the most outstanding feature of optical fibers is that they are capable 
of transmitting at the speed of light, which greatly increases the ability to send 
information.

2. Optical fibers are not affected by electrical signals that distort information, as 
is the case with conductive cables.

3. Due to the absence of intermittency due to electromagnetic fields, a fiber-optic 
cable cannot be detected remotely since it can only be accessed by entering the 
fiber. This is very attractive as a security measure for the government, banks, 
and other companies that need to protect their information.

4. Unlike metallic conductors, optical fibers are not capable of producing sparks 
with the information they carry; therefore, there is no risk of fire due to such 
events.

5. The signal absorption in the optical fiber is much lower than in a copper cable, 
in addition to the fact that cladding allows a very efficient internal reflection. 
With this, in applications where information is transmitted over several chan-
nels, there is no possibility of mixing data between fibers as can occur in cable 
communications.

6. The cost of installing several kilometers of fiber-optic is cheaper than the 
installation of copper cables. In this way, communication services such as the 
Internet are cheaper because with low-power intensity, information can be 
transmitted over long distances.

7. The bandwidth that can be had, as well as the data capacity of an optical fiber, 
allows to have a lot of information in a very thin cable. This is the reason for the 
continuous research and technological innovation for its increase.

8. Fiber-optic cable installations are less expensive than copper or coaxial cable 
installations, as well as the installation equipment.
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9. It is well known that the distances for transmission through the use of optical 
fiber are very long, more than 100 km without active or passive elements inter-
vening, in addition to the obtained low attenuation.

Additionally, some disadvantages could have been found; perhaps one of the 
main ones is that optoelectronic devices that can be connected are expensive.

Comparing the emitting and receiving devices of electrical systems against those 
used with fiber-optic technology, this difference can be understood. That is why 
some companies still use electrical devices.

Considering the advantages, simplicity of manufacturing, as well as its versatil-
ity and growth in popularity, multiple technological applications and practical uses 
for optical fibers have been developed.

Some of the optical fiber applications which are not sensitive to electrical or 
magnetic interference make them highly recommended for military applications 
[18–20]. In addition there are different applications in industrial areas, such as 
sensing an ambient temperature, pressure, and gases or even wiring of automotive 
systems [21–24].

In the area of medicine, optical fibers are the modifications for laser surgery, 
such as light guides and tools for the transmission of images [25–28]. In the area of 
sciences, fiber-optic applications are very useful [21, 25]. In the manipulation of par-
ticles by means of optical tweezers, the optical fibers provide a great advantage [29].

In the subject of communications, the use of optical amplifiers has been out-
standing over other applications. These optical amplifiers have been developed by 
manufacturing doped optical fibers with rare earth ions to have light amplification 
by stimulated emission [4, 30, 31]. Table 2 shows some of the most common dop-
ants, as well as the glass used as the host for their application.

In addition, systems with nonlinear behavior have been found. Among the 
results observed with the said nonlinear behavior in fiber doped with erbium (Er3+), 
there are behaviors with multistability, phenomenological dynamics, different sen-
sors, and masking in communications, among others [14, 16, 23, 33–35].

As mentioned above, to improve all the possible applications in a fiber-optic 
system, the process of integration with optoelectronic devices is necessary.

This book offers a comprehensive review about the design, manufacturing, and 
performance obtained from the integration of fiber-optics with optoelectronic 
devices. In particular, it analyzes some of the advances in light-emitting diodes 
(LEDs), lasers, photodetectors, as well as applications in communication systems, 
sensors, interferometric, and holographic methods, which with the use of optical 
fiber strengthens the capacity and applications.

Dopant Common host glasses Important emission wavelengths

Erbium (Er3+) Silicate and phosphate glasses, 
fluoride glasses

1.51.6 μm, 2.7 μm, 0.55 μm

Holmium (Ho3+) Silicate glasses, fluorozirconate glasses 2.1 μm, 2.9 μm

Neodymium (Nd3+) Silicate and phosphate glasses 1.031.1 μm, 0.90.95 μm, 1.321.35 μm

Praseodymium (Pr3+) Silicate and fluoride glasses 0.3 μm, 0.635 μm, 0.6 μm, 0.52 μm, 
0.49 μm

Thulium (Tm3+) Silicate and germanate glasses, 
fluoride glasses

1.72.1 μm, 1.451.53 μm, 0.48 μm, 
0.8 μm

Ytterbium (Yb3+) Silicate glass 1.01.1 μm

Table 2. 
Common laser-active ions, host glasses, and important emission wavelength [32].
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Mid-Infrared InP-Based Discrete
Mode Laser Diodes
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Kevin Carney, Chris Herbert, Jim Somers and Brian Kelly

Abstract

Low cost, compact and robust single mode semiconductor laser diodes emitting
at λ � 1.6–2.1 μm are highly desirable as light sources for trace gas spectroscopy and
an increasing number of other applications, such as, high data-rate communications
over hollow core photonic crystal fibre, noninvasive optical blood glucose monitor-
ing. Indium phosphide based light sources provide a solid and flexible base for
mid-infrared semiconductor diode lasers. This chapter provides an overview of the
current state of the art in discrete mode InGaAs/InP long-wavelength quantum-well
lasers emitting in the 1.6–2.1 μm wavelength range. The discrete mode laser is
essentially a regrowth free modified ridge waveguide Fabry-Pérot laser whose
optical spectrum has a single wavelength mode. High-performance and cost-
effective mid-infrared DM laser diode sources are well suited to a wide range of
sensor applications. The current state of the art will also be outlined in this chapter.

Keywords: semiconductor laser, mid-infrared sources, single mode laser,
strained quantum-well, absorption spectroscopy

1. Introduction

Low cost single mode semiconductor laser diodes emitting at wavelengths, λ, in
the 1.6–2.1 μm wavelength range are highly desirable as light sources for trace gas
spectroscopy due to the strong absorption bands [1] in this spectral region. Com-
pared to conventionally used systems based on electrochemical point sensors,
tuneable diode laser absorption spectroscopy (TDLAS) offers a number of benefits
for the detection of gases such as; rapid response time, long term stability, high
selectivity and sensitivity, rugged systems and measurement capability over long
distances using open path systems [2]. TDLAS is based on the molecular rotational-
vibrational absorption of gases that produce distinct peaks in the near to mid-
infrared (IR) spectral range. These molecule resonances cause characteristic
‘fingerprints’ by selective absorption of laser light as the wavelength is tuned by
changing the laser bias current or heat sink temperature. Great interest is due to the
strong absorption lines of various important gases, such as methane (1.665 μm),
hydrogen chloride (1.743 μm), and nitrous oxide (1.795 μm), in this wavelength
range. Two pertinent greenhouse gases, water vapour (H2O) and carbon dioxide
(CO2), have strong absorption bands at wavelengths centred around 1.877 and
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2.004 μm respectively and are shown in Figure 1. There is also an increasing
number of other applications, such as high data-rate communications over hollow
core photonic crystal fibre [3–6] and noninvasive optical blood glucose monitoring
[7] which also require compact and robust low-cost laser sources emitting in the
1.6–2.1 μm wavelength range.

Semiconductor laser diode materials with light emission in the 1.6–2.1 μm
wavelength range include indium phosphide (InP) and the gallium antimonide
(GaSb) material systems. It must be noted that cost sensitivity is a significant
issue for many of these applications and in order to keep the laser chip cost down
the InP material is often preferred over the GaSb material system for emission in
the mid-IR region. In comparison with the GaSb material platform, the processing
technologies for InP-based materials are more mature as they were developed
for telecommunications lasers. In addition, superior substrate quality, lower
substrate cost, better thermal performance and mature growth methods make
InP-based lasers attractive candidates for light sources in this wavelength region
[8–15]. The III-V compound semiconductor material system (AlGaIn)-(AsP)
constitutes an ideal basis for the realization of diode lasers in this wavelength region
[16]. InGaAs, either lattice matched to InP or deliberately strained, can be used for
the active layer with a direct band gap between 1.1 and 2.3 μm. Recently InP-based
type-II QWs have extended the wavelength up to 3 μm [17] which opens up another
important wavelength region for the fabrication of lower cost lasers for sensing
applications.

This chapter begins with an overview of mid-IR single mode laser diodes and
then outlines the state of the art in InP based mid-IR discrete mode laser diodes.

2. Overview of the state of the art in mid-IR single mode laser diodes

In this section an overview of the current state of the art in compact monolithic
single mode laser diodes emitting in the 2.0 μm spectral region will be outlined.
Focusing on monolithic chips, external cavity laser devices are not included here.
The review will start with an overview of the material systems available for the laser
active region emission in the 2 μm spectral region. To date single mode semicon-
ductor lasers have been demonstrated in both the GaSb and indium InP material
systems. Both material systems have their pros and cons and an overview of the
various technology implementations for achieving single wavelength mode
operation in each material system is shown.

Figure 1.
Absorption spectra of two important greenhouse gases CO2 and H2O, with strong absorption lines in the near-
to-mid-IR extracted from the HITRAN database [1].
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2.1 Gallium antimonide (GaSb) laser diodes

The III-V compound semiconductor material system (AlGaIn)(AsSb) consti-
tutes an alternative basis for the realisation of diode lasers in the mid-IR. GaInAsSb
is either latticed matched to GaSb substrates or strained and is used as the active
layer with a direct bandgap transition covering the λ � 1.8–3.4 μm wavelength
region. For the barrier and cladding layers, AlGaAsSb is well suited because of its
larger bandgap energy and lower refractive index compared to GaInAsSb.
Molecular-beam epitaxy (MBE) is the method of choice and most widely used in the
wafer growth. The laser structures are grown on (100)-orientated n-doped GaSb
substrates but due to the lower demand for GaSb substrates compared to InP the
growth cost is higher and substrate quality lower. Conventional fabrication of
distributed-feedback (DFB) lasers incorporating buried gratings for longitudinal
mode selection is challenging in the GaSb material system due to the difficulty of
epitaxial regrowth with the high Al concentrations in the cladding layers. Sepa-
rately, processing options are quite limited for GaSb due to the cladding material
being hygroscopic.

2.1.1 Laterally coupled distributed-feedback

A proposed method for DFB fabrication which was recently demonstrated by
the Jet Propulsion Laboratory (JPL) [18], makes use of Bragg gratings etched
alongside a ridge waveguide to form a laterally coupled distributed-feedback (LC-
DFB) as shown in Figure 2 This approach enables fabrication of single-longitudinal-
mode laser following a single epitaxial growth process.

Characteristics of the LC-DFB laser are as follows; at a heat sink temperature of
�10°C they demonstrate a single mode emission in the 2054 nm region with an
SMSR > 30 dB and ex-facet power exceeding 80 mW. This is the highest reported
power from a DFB laser at 2 μm. The wavelength shift with current and tempera-
ture is reported to be 5.39 � 10�3 nm/mA and 0.2 nm/oC [19]. They also demon-
strated LC-DFB laser linewidths of 1.4 MHz and 900 kHz for 500 and 10 ms
observation times, respectively. The linewidths were derived from the frequency-
noise power-spectral density measured using a Fabry-Perot interferometer.

2.1.2 Lateral metal grating DFB

Ridge waveguide GaSb DFB lasers have also been fabricated by the University of
Wurzburg and commercialised by the German company NanoPlus which employ a
lateral metal grating at the side of the ridge [20] as depicted in Figure 3. The metal
gratings provide strong feedback but generate additional absorption loss in the laser
cavity hence the ex-facet laser power is limited to �10 mW levels.

A single mode emission at 2 μm with a side mode suppression ratio of 31 dB is
demonstrated in [20] and output power in the 8 mW region. The wavelength tuning
rate with temperature is 0.2 nm/oC. Reported linewidth measurements are in the
0.3–0.5 MHz region [21].

2.2 Indium phosphide (InP) laser diodes

To extend the emission wavelength from λ � 1.55–2.1 μm in the InxGa1-xAs
material system compressive strain is applied by increasing the indium (In) com-
position. Figure 6 shows the calculated bandgap wavelength (λg (μm) = 1.2407/Eg

(eV)) for a bulk InxGa1-xAs layer on InP as a function of In composition. As shown
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in Figure 2, a compressive strain larger than 1% is required to obtain a bandgap
wavelength longer than 2 μm. Also shown in Figure 4 is the experimentally mea-
sured quantum well photoluminescence peak wavelength for four separate active
regions with the In composition varied. When a quantum well structure is used
instead of a bulk layer, the bandgap wavelength becomes smaller because of the
quantum size effect on the bandgap energy. Therefore larger strain is required for
InxGa1-xAs quantum wells (QWs) to obtain the same bandgap wavelength as bulk
InxGa1-xAs [14].

2.2.1 InP-DFB

InP-based DFB lasers have been extensively developed with wavelengths at 1.3
and 1.55 μm for fibre optic communications over the last three decades. Similar
processing techniques can be used for fabrication of single mode lasers operating in
the 2 μm wavelength range. NTT-Japan demonstrated a DFB laser with an emission
wavelength of 2.051 μm and output power of 10 mW [22]. A schematic of their
buried heterostructure DFB grating is shown in Figure 5. The DFB grating was
buried and required two regrowth stages after grating formation. There are no
reported measurements on the spectral linewidths but they are expected to be in the

Figure 2.
(a) Cross-section scanning-electron micrograph of a 3-μm-wide laser ridge topped with a titanium-platinum-
gold contact layer. (b) Top view of the LC-DFB laser structure, with a cross section of the grating (inset) [18].
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2 MHz range. The ex-facet power of 10 mWwas improved on in a subsequent paper
[23] with a value of �20 mW reported. The wavelength shift with current and
temperature is reported to be 0.0025 nm/mA and 0.125 nm/oC [24].

2.2.2 Vertical-cavity surface-emitting laser

Light propagation and emission normal to the semiconductor layer structure is
characteristic of a vertical-cavity surface-emitting laser (VCSEL) [25]. The main
feature of the VCSEL design is the regrown buried tunnel junction (BTJ) (see
Figure 6), which accomplishes current confinement and wave guiding. The active
region contains five heavily compressively strained InGaAs-quantum wells

Figure 3.
Schematic diagram of the ridge waveguide metal grating DFB [20].

Figure 4.
Calculated bandgap wavelength for InGaAs on InP as a function of In composition. The upper horizontal axis
shows the mismatch strain of InGaAs with respect to InP. Red dashed line indicates the lattice constant of InP
5.869A [13].
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separated by tensile strained barriers of InGaAIAs. Current is injected through a
contact pad on the epitaxial mirror and the gold heat sink via the n + doped contact
layers [25]. The n-doped epitaxial mirror reflectivity of the front mirror of 99.4%
and back mirror reflectivity was 99.9%. The dielectric DBR is combined with an
integrated electroplated Au-heat sink and a buried tunnel junction. VCSEL’s emit-
ting in the 2 μm region have been demonstrated by the Technical University
Munich and commercialised by VERTILAS in the InP material system [25] however
the ex-facet power levels from this technology is limited to <1 mW. Due to the very
short laser cavity spectral linewidths from VCSEL devices are typically >20 MHz
[26], and show high tuning rates of 0.67 nm/mA and 1.5 nm/oC.

2.2.3 InP-discrete mode laser diode

Discrete mode (DM) technology is Eblana Photonics proprietary method of
manufacturing single mode lasers. Single wavelength operation in DM lasers is
achieved by introducing index perturbations in the form of etched features

Figure 5.
Schematic of BH-DFB laser diode [23].

Figure 6.
Schematic of VCSEL laser diode [26].
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positioned at a number of sites distributed along the ridge waveguide laser cavity as
shown in Figure 7. Eblana has recently fabricated single mode lasers in the 2 μm
spectral region [13]. The spectral linewidths for DM laser emitting at 2.0 μm is
1 MHz. The ex-facet power of 5 mW was measured and the wavelength shift with
current and temperature is reported to be 0.0025 nm/mA and 0.125 nm/°C [13].

3. Mid-IR DM laser

3.1 Design of InP ridge waveguide FP lasers

A typical InP based Type-I laser structure for an emission wavelength of
1.6–2.1 μm is shown in Figure 8 [14]. For most of the laser structures reported on in
Section 3, two to three compressively strained QWs are used as the active region
with a width of 10 nm. They are separated by 15–30 nm thick InxGa1-xAs barrier
layers which are either lattice matched to the InP substrate or tensile strained in
order to reduce the average strain in the active region. The active region is
sandwiched between two 200 nm-thick InGaAsP separate confinement guide layers
with a bandgap wavelength of λg = 1.3 μm which also acts as an etch stop layer for
ridge waveguide definition. A 1800 nm thick p-InP layer is grown on top of the
separate confinement heterostructure followed by a 200 nm thick highly p-doped
InxGa1-xAs contact layer [3].

For the results shown below, four laser structures with varying In compositions
were grown on 75 mm diameter n-type (100)-InP substrates in a metal-organic
vapour-phase epitaxy reactor at low pressure. The overlapped photoluminescence
spectra for the four wafers are shown in Figure 9 measured at room temperature.
The sharp peaks indicate high material quality with low defects.

Figure 7.
Electron micrograph of Fabry Perot laser cavity (top left) and DM laser, fabricated by etching slots into laser
ridge (bottom left) along with spectral characteristics of typical mid-IR laser with and without etched features
(top and bottom right respectively).
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The optical waveguiding properties of the ridge waveguide structure was deter-
mined by carrying out 2-D numerical simulations and one example for the 2 μm
wafer (In = 0.74) is shown in Figure 10. The modal analysis of the structure showed
that no higher order lateral modes are supported when the ridge width is 2 μm and
that the calculated effective index for the waveguide is 3.2. This effective index is
used to calculate the grating pattern spacing required to give single mode emission
at the target wavelength which will be described below [3].

3.1.1 FP laser fabrication

In order to make good single longitudinal mode lasers, the ability to fabricate
uniform, highly reliable FP lasers is essential and complete wafers of FP lasers were
processed for material evaluation. For the laser to operate in a single lateral mode,
control of the ridge width is critical. Simulations showed that a 2 μm wide ridge
results in a stable transverse mode. The waveguide was realised using inductive
coupled plasma dry etching, the dry etch chemistry used was Cl/N2 followed by a
short wet-etch to remove surface roughness. Electrical contacting was achieved
using conventional metals (Ti/Pt/Au) and SiO2 as an insulator for contact definition

Figure 9.
Overlapped measured photoluminescence spectra at 25°C for four wafers with varying In composition.

Figure 8.
Direct bandgap profile of an InP-based type-I laser structure with an emission wavelength of 2.1 μm [14].
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on the heavily doped (p � 2 � 1019 cm�3) p+-InGaAs capped layer. A scanning
electron microscope (SEM) image of the fabricated ridge waveguide is depicted in
Figure 11a. Finally the wafers were thinned to 150 μm by mechanical polishing and
the n-metal electrode applied [3]. A completed wafer is shown in Figure 11b.
Subsequently bars were cleaved into 900 μm cavity lengths and the front and back
facets coated 20 and 95% respectively.

3.1.2 Mid-IR FP laser characterization

To evaluate the material quality before fabricating the DM lasers, broad area and
FP lasers with varying cavity length were fabricated and characterised on the four
wafers, only the results from the 2 μm wafer are presented in this section. As-
cleaved broad area lasers with 50 μm wide ridge widths and varying cavity lengths
were analysed under pulsed conditions (1 μs pulses with 0.1% duty cycle) to evalu-
ate the material quality. The threshold current density (Jth) for the 1000 μm cavity
length was 358 A/cm2 (�119 A/cm2/QW) indicating good material quality. The
slope efficiency variation with cavity length allowed the internal quantum effi-
ciency (ni) and the internal optical loss (ni) to be estimated to be 80% and 8 cm�1

respectively.

Figure 11.
(a) SEM image of a ridge waveguide FP laser diode. (b) Picture of a processed 3-inch InP wafer.

Figure 10.
2D simulation of a ridge waveguide laser diode.
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A 600 μm long FP ridge waveguide laser was packaged in a fiberised 14-pin
butterfly module which contained a thermoelectric cooler and thermistor and the
optical characteristics were measured under CW conditions. Figure 12 shows the
overlapped CW measurement of light-current (LI) characteristics measured at chip
temperatures 10, 25, 45, 50, 60 and 70°C. The power was measured with a large area
(Ø3 mm) extended wavelength InGaAs detector (GPD 3000). The light coupling
efficiency into the fibre was measured to be 60% and the chip ex-facet power was
>20 mW at 200 mA, 25°C. The extracted threshold currents were 18, 30 and 58 mA
at 25, 50 and 70°C respectively. The characteristic temperature of threshold current
between 25–50 and 25–70°C was calculated to be 49 and 38 K. The measured slope
efficiencies in the fibre at 25 and 50°C were 0.08 and 0.06 W/A respectively [3].

In Figure 13 the emission spectrum is plotted at a heat sink temperature of 25°C
and bias current of 80 mA using a Yokogawa (AQ6375) long wavelength optical
spectrum analyser. In Figure 14 we overlap the measured optical spectra over a

Figure 12.
Overlapped light-current curves in the temperature range 10–70°C for the 2 μm FP laser.

Figure 13.
Emission spectrum at a bias current of 80 mA and heat sink temperature of 25°C.
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temperature range from 15 to 50°C, the centre lasing wavelength shows a linear
dependence with temperature with a tuning rate Δλ/ΔT of �0.83 nm/oC, which
is consistent with that expected due to the temperature-induced change in the
refractive index.

To demonstrate the wide wavelength coverage from 1.65 to 2.15 μm �400 nm
we overlap the FP emission spectrum for the four wafers as shown in Figure 15.

3.2 Design of DM laser diodes

Single wavelength operation in DM laser diodes is achieved by introducing index
perturbations in the form of shallow-etched features, or slots, positioned at a num-
ber of sites distributed along the ridge waveguide as shown in Figure 16a [27–32].
The slots are realized using ICP dry etching, with a typical depth in the region of
1.5–2 μm and a width of �1 μm. The slots are relatively shallow and are not etched
into the active (wave guiding) region, however, they will still interact with the

Figure 14.
Overlapped emission spectra at a bias current of 80 mA in the temperature range 25–50°C.

Figure 15.
Overlapped FP emission spectra at bias currents of 80 mA and heat sink temperature of 25°C for the four InP
wafers.
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mode’s electric field as the mode profile is not fully confined to the active region and
will expand into the surrounding cladding regions. This interaction results in a
proportion of the propagating light being reflected at the boundaries between the
perturbed and the unperturbed sections. In effect the slots act as reflection centres
and through suitable positioning the slots manipulate the mirror loss spectrum of an
FP laser so that the mirror loss of a specified mode is reduced below that of the other
cavity modes [27–32]. Using a simplified model, developed in [33, 34], a slot can be
described as a one dimensional discontinuity inserted into the cavity; as most of the
reflection comes from the front of the slot interface. Figure 16b shows a schematic
of a laser cavity with slots introduced into the cavity; where rs is the slot reflectivity,
ts is the slot transmission, N is the number of slots, L is the distance between the
slots, and ϒi is the reflectivity in a section of the cavity where i is the slot number.
The reflectivity from the first slot, ϒ1 is given by rs. The introduction of a slot into
the waveguide changes its effective refractive index, so that it differs slightly from
the segments of the waveguide without slots. The reflectivity from the waveguide to
slot interface can be approximated using Eq. (1):

rs ≈ abs
n2 � n1
n2 þ n1

� �
(1)

where n1 is the effective refractive index of the waveguide and n2 is the effective
refractive index of the waveguide with a slot.

Assuming no loss from the slot Eq. (2),

ts ¼ 1� rs (2)

ϒ2 is the reflectivity from the second slot and is given by Eq. (3)

ϒ2 ¼ rst2s exp �2iβLð Þ (3)

where β is the complex propagation constant, and the term ts is squared to take
account of forward and backward travelling waves. The exponential term describes
the medium in which the light travels, and a factor of two is used again to take
account of forward and backward travelling waves. The complex propagation con-
stant takes account of the gain and loss in the transmission medium and is defined
in terms of Eq. (4)

Figure 16.
(a) SEM image of 2 μm wide ridge waveguide with etched grating. The slot width is 1 μm and the spacing
between the slots L is 4 μm in this example. (b) Illustration of slot reflection and transmission for N slots.
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β ¼ βre þ iβi ¼
2πn
λ

þ i
g � αi
2

(4)

where n is the refractive index, λ is the wavelength, g is the optical gain and αi is
the internal cavity loss. The reflectivities of the third and fourth slots are given by
Eq. (5):

ϒ3 ¼ rst4s exp �4iβLð Þ (5)

and Eq. (6),

ϒ4 ¼ rst6s exp �6iβLð Þ (6)

respectively; therefore, the reflectivity obtained from four slots is given by
Eq. (7):

ϒtotal ¼ ϒ1 þ ϒ2 þ ϒ3 þ ϒ4

¼ rs þ rsts2 exp �2iβLð Þ þ rsts4 exp �4iβLð Þ þ rsts6 exp �6iβLð Þ (7)

By letting Eq. (8)

X ¼ t2s exp �2iβLð Þ (8)

the total reflectivity from N slots can be expressed by Eq. (9) the
following series.

ϒtotal ¼ rs 1þ Xþ X2 þ X3 þ ::…:þ XN�1� �
(9)

Which in terms of known variables can be described as Eq. (10)

ϒtotal ¼ rs
1� t2s exp �2iβLð Þ� �N
1� t2s exp �2iβLð Þ

" #
(10)

The power reflection is related to the reflection amplitude by Eq. (11),

Figure 17.
Simulated power reflection spectrum as a function of slot number.

27

Mid-Infrared InP-Based Discrete Mode Laser Diodes
DOI: http://dx.doi.org/10.5772/intechopen.86458



R ¼ abs ϒ2
total

� �
(11)

Using this model the power reflection versus etched feature number at a wave-
length of 1887 nm was simulated and shown in Figure 17.

For a 600 μm long laser cavity at about 60 slots the peak reflectivity begins to
saturate and the FWHM is about 0.9 nm which is equivalent to the FP mode
spacing. So this is the optimum number of slots for this cavity length.

3.2.1 DM laser fabrication

The fabrication of the DM laser is exactly the same as the FP laser outlined in
Section 3.1.2 width the addition of one extra dry etching step to etch the grating, the
dry etch chemistry used again was Cl/N2 and was followed by a short wet-etch to
remove surface roughness from the grating. A schematic of the etched features is
shown in Figure 18.

3.2.2 DM laser diodes emitting at 1.87 μm

Low cost single mode semiconductor laser diodes emitting at 1.87 μm are highly
desirable as light sources for trace gas sensing of H2O. The measurement of H2O is
important in many industrial applications, for example, continuous emission mon-
itoring in combustion processes where the vapour concentration can be related to
performance parameters, such as, efficiency of combustion and heat release. In this
section we present data on DM laser diodes operating around λ = 1.877 μm. Fabri-
cated DM lasers exhibit continuous wave (CW) mode hop free operation in the
temperature range from 15 to 55°C with emission wavelengths centred at 1.87 μm at
25°C, and ex-facet optical output power >3 mW at 25°C.

A ridge waveguide 600 μm in length DM laser diode was die bonded to an
aluminium nitride submount and the optical characteristics were measured under
CW conditions. Figure 19 plots the overlapped CW measurement of ex-facet LI
characteristics measured at chip temperatures of 15, 25, 35, 45 and 55°C, with the
same power and wavelength measurement setup as mentioned in the previous
section. The extracted threshold currents were 12, 15, 18, 22 and 29 mA at 15, 25, 35,
45 and 55°C, respectively. The measured slope efficiencies at 15 and 55°C were
0.038 and 0.022 W/A, respectively.

Figure 18.
Schematic view of the InP DM laser.
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In Figure 20 the emission spectrum of the DM laser diode is measured at a heat
sink temperature of 25°C and bias current of 100 mA. A peak wavelength of
1877 nm is demonstrated, with a side mode suppression ratio (SMSR) of �45 dB
achieved, in excellent agreement with simulated values. In Figure 21a we plot the
peak wavelength versus bias current as a function of laser submount temperature.
The peak wavelength tunes linearly with bias current at a tuning rate of
�0.017 nm/mA. In Figure 21b the optical emission spectrum over a wide tempera-
ture range, from �5 to 55°C, is plotted. The single mode peak lasing wavelength
shows a linear dependence with current and temperature, with a tuning rate of
Δλ/ΔI �0.017 nm/mA and Δλ/ΔT of 0.113 nm/oC, consistent with that expected
due to the temperature-induced change in the refractive index [29].

Wide gain bandwidth is demonstrated in Figure 22 where the DM peak wave-
length is varied by changing the grating period wavelength tunability of 120 nm is
achieved. This makes this material promising for widely-tunable mid-infrared
single-mode devices such as DM arrays, external cavity lasers and sampled gratings.
Eblana’s DM technology has been used to demonstrate single frequency lasers with

Figure 19.
Overlapped CW LI curves as a function of heat sink temperature.

Figure 20.
Normalised optical emission spectrum at a bias current of 100 mA and heat sink temperature of 25°C with
SMSR >45 dB demonstrated.
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Figure 21.
(a) Peak wavelength versus bias current over temperature. (b) Overlapped optical emission spectra versus heat
sink temperature at a fixed laser bias current of 100 mA.

Figure 22.
Overlapped single frequency spectra of 10 different DM lasers demonstrating 120 nm wide gain for the 1.8 μm
wafer.
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high side mode suppression ratios spanning a wide wavelength range from 1.75 to
2.1 μm by using the appropriate InGaAs quantum well composition and thicknesses
as shown in Figure 23.

The wavelength and tuning results demonstrated by DM lasers in this chapter
show that the devices operate at a single wavelength with SMSR >40 dB robustly over
current and temperature variations and, furthermore, that these devices are highly
suitable as low cost sources for TDLAS and other sensor applications. A further
important feature of the DM laser diode is that its fabrication is far less complex than
that of a distributed feedback laser diode resulting in a significant cost advantage.

4. Conclusion

In this chapter an overview in the current state of the art in mid-IR single mode
lasers was presented and a low cost laser technology platform based on the InP
material system for the manufacture of single mode laser diodes in the near to mid-
IR wavelength range introduced. These DM lasers, are ridge waveguide Fabry Perot
lasers whose emission spectra have been modified to produce a single mode opera-
tion. This modification is achieved during wafer processing by etching surface
features into the ridge of an otherwise conventional ridge waveguide laser diode
structure and therefore avoiding the need for grating overgrowth [35].

The basic principles underlying DM laser operation and their fabrication have
been described. Basic static characteristics of the devices have been discussed and
operation in the 1.6–2.1 μm spectral window demonstrated. The results demonstrate
that InP-based light sources provide a promising concept for mid-infrared semi-
conductor diode lasers and are suitable for a range of sensor and other applications.

InP based diode lasers covering the 1.8–2.1 μm range have already reached a
considerable level of maturity, as evidenced by the low threshold currents and good
spectral performance as highlighted in Section 3. Thus current R&D focuses on the
optimization of these lasers towards longer wavelengths >2.3 μm where specific
application are in high demand.

Figure 23.
Overlapped single frequency spectra of different DM lasers based on four InGaAs quantum wells wafers
spanning the 1.7–2.15 μm wavelength region.
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Chapter 3

Optoelectronic Key Elements for 
Polymeric Fiber Transmission 
Systems
Ulrich H.P. Fischer-Hirchert and Mladen Joncic

Abstract

In short-range communication 1 mm PMMA SI-POF established itself as a rea-
sonable alternative to the traditional data communication media such as glass fibers, 
copper cables, and wireless systems. Due to multiple advantages such as a large core 
diameter, tolerance to fiber facet damages, and low installation costs, the SI-POF is 
already applied in industrial automation, automotive industry, and in-house/office 
networks. To experimentally demonstrate the feasibility and potential of a high-
speed POF WDM concept, a four-channel data transmission setup was realized. 
A four-legged multiplexing POF bundle was developed to combine the signals 
from four visible laser diodes onto SI-POF link. For the separation of wavelength 
channels, the interference filter-based demultiplexer with two-stage configura-
tion was used. It was shown that POF WDM with lower channel rates and simple 
transmission technique (NRZ + FFE) could provide aggregate bit rates comparable 
to those achieved with the single-wavelength systems that used advanced modula-
tion formats (DMT or PAM + DFE) and required significant signal processing. In 
addition, the 50 m SI-POF link at an aggregate bit rate of 7.8 Gb/s was demonstrated 
over 50 m SI-POF, respectively, at the BER = 10–3.

Keywords: polymeric fiber transmission, WDM over POF, optical DMT modulation, 
optical PAM modulation

1. Introduction

Having its origin in the 1960s as well as the silica glass fiber, the polymer optical 
fiber (POF) stayed long in the shadow of the huge development and success of glass 
fiber communications. However, the advances in POF technology and the growing 
need for high-speed short-range communication networks make POF nowadays 
gain more and more importance. The key advantage of POF is a large core diam-
eter. It makes POF tolerant to the fiber facet damages and relaxes the alignment 
tolerances, thus also reducing the installation costs. Furthermore, POF is pliable, 
durable, and inexpensive; offers small weight and short bend radius; allows easy 
installation, simple termination, and quick troubleshooting; and also provides the 
immunity to electromagnetic interference. Due to its diverse advantages, in short-
range applications POF established itself as a reasonable alternative to the tradi-
tional data communication media such as glass fibers, copper cables, and wireless 
systems (see Table 1).
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Today, POF is produced with different core materials, core diameters, and index 
profiles. A comprehensive overview on various POFs is given in [1]. Two major 
POF types are made of polymethyl methacrylate (PMMA) and perfluorinated (PF) 
materials. The parameters of the common PMMA and PF POFs are specified in the 
IEC Standard 60793-2-40, which defines eight different POF classes [2]. The PMMA 
POF is produced with both step-index (SI) and graded-index (GI) profile, whereas 
the PF POF offers only GI profile. The GI profile of the core ensures high modal 
bandwidth exceeding 1.5 GHz × 100 m for the PMMA POF and 300 MHz × 1 km 
for the PF POF. However, the implementation of the PMMA GI-POF is confined to 
500–680 nm wavelength range due to the high optical attenuation at other wave-
lengths (>400 dB/km). In contrast, the PMMA SI-POF suffers from intermodal 
dispersion limiting the bandwidth-length product to around 50 MHz × 100 m but 
also provides several attenuation windows in the visible spectrum (400–700 nm). 
Due to its advantages over the other POF types such as technological maturity, ease 
and cost of production, and high numerical aperture (NA), the standard 1 mm 
PMMA SI-POF (POF class A4a.2 according to IEC 60793-2-40) is the best known 
and by far the most widely employed type of POF. This is also the fiber this work 
concentrates on.

In vehicles SI-POF displaces copper in the network structure of a passenger 
cabin for multimedia data services. The infotainment communication system 
known as Media Oriented System Transport (MOST) connects different multime-
dia components in the SI-POF-based ring topology [3], as illustrated in Figure 1.  
The current (third) version of the MOST system (MOST150) supports the data 
transfer at 150 Mb/s over link lengths of about 10 m.

Another sector where SI-POF displaces traditional communication media are 
short-range networks in houses and offices. As an in-house extension of a broadband 
access network (e.g., VDSL, HFC, FTTB), the typical application of POF technology 
is the delivery of triple-play services (combination of broadcasting, telecommunica-
tion, and the Internet) to the end user. The Fast Ethernet transceivers (100 Mb/s) 
and since 2013 also the Gigabit Ethernet transceivers (1 Gb/s) are available on the 
market enabling the transmission of broadband services over 50 m SI-POF. The 
Gigabit solutions from KD-POF employing the multilevel signaling and from 
Teleconnect based on the multicarrier modulation are accompanied by the technical 
standards ETSI TS 105175-1-2 [4] and ITU-T G.9960, Annex F [5], respectively.

The commercial communication systems with SI-POF use a single channel for 
data transmission. However, the transmission performances of SI-POF are impaired 
by strong intermodal dispersion and high optical attenuation. Stimulated by the 
growing bandwidth demands (e.g., 10–40–100 Gb/s Ethernet speed), various 
concepts to overcome the low-pass characteristic of SI-POF have been success-
fully demonstrated over the last few years. The simplest solutions utilized passive 

Transmission medium Data rate Distance Safety Cost Handling Installation Total

Twisted pair cable + 0 0 ++ — 0 2+

Coaxial cable 0 0 0 + 0 0 1+

Glass fiber ++ ++ ++ — — — 1+

Polymer fiber 0 — ++ + + + 4+

Wireless — — — ++ ++ ++ 1+

Powerline — — — + + ++ 0

Table 1. 
Comparison of different transmission media. Characteristics between very bad (−−) and particularly  
good (++) [1].
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equalization implemented as an analog high-pass filter that increased the electrical 
−3 dB bandwidth of a channel [6]. A major focus was also placed on the digital sig-
nal processing techniques, which were mostly implemented offline due to the lack 
of commercial components. Both the non-return-to-zero (NRZ) and the spectrally 
efficient multilevel signaling were combined with the digital receiver equalization 
to increase the data rates over SI-POF [7, 8]. The sophisticated spectrally efficient 
multicarrier modulation formats were also successfully implemented to combat the 
highly dispersive SI-POF channel [9, 10].

Complying with any of the hitherto developments, utilization of several opti-
cal carriers for parallel transmission of data channels over a single fiber represents 
another alternative to increase the transmission capacity of SI-POF. The technique 
is well-known as wavelength division multiplexing (WDM). The principle of WDM 
is shown in Figure 2. Since different wavelengths λ1–λN do not interfere with each 
other in a linear medium, they can be used to simultaneously carry the data signals 
over a single fiber. Thereby, the capacity of a fiber, i.e., of an optical communication 
system, increases almost proportionally with the number of wavelength channels.

Two components are essential for WDM, a wavelength multiplexer and demulti-
plexer. The multiplexer combines the signals at different wavelengths, coming from 
different transmitters, onto a single fiber. On the opposite side of the optical link, 
the demultiplexer performs an inverse function, separating the wavelength chan-
nels to be detected by separate receivers.

Figure 1. 
SI-POF-based ring topology of a MOST system in a car.

Figure 2. 
Principle of WDM: MUX, multiplexer; DEMUX, demultiplexer.
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The existing WDM components developed for single-mode glass fibers in the 
infrared region, such as Mach-Zehnder interferometers, arrayed waveguide gratings 
or fiber Bragg gratings, cannot be reused for a highly multimode SI-POF. On the 
other hand, the operating principles of demultiplexers based on thin-film interfer-
ence filters and on a diffraction grating can be applied for POF. In spite of some other 
demultiplexing solutions (e.g., employing dispersion prisms), these two demultiplex-
ing techniques have been recognized as the most promising for SI-POF. However, 
because of the difference in the operating wavelength range, fiber diameter, NA, etc., 
compared to the glass fibers, such demultiplexers must be newly designed for SI-POF 
communication. An overview of the state-of the-art thin-film interference filter-SI-
POF demultiplexers will be given. The first aim of this work is to further investigate 
experimentally these demultiplexing techniques for SI-POF. Accordingly, the aim of 
this work is to demonstrate experimentally high-speed POF WDM data transmission 
offering capacity increase compared to the single-channel systems.

2. Fundamentals of WDM for short-range communication over POF

2.1 Transmission properties of 1 mm PMMA SI-POF

The 1 mm PMMA SI-POF is the best known and by far the most widely employed 
type of POF. It is made of 980 μm diameter PMMA core surrounded by a thin clad-
ding (10 μm) made of fluorinated polymer. The typical spectral attenuation of SI-POF 
is shown in Figure 3. The fiber supports operation in the visible spectrum from 400 to 
700 nm. The lower wavelength bound is determined by the degradation of the PMMA 
compound with prolonged exposure to the ultraviolet (UV) wavelengths shown in 
[11] and in [12]. The attenuation value of around 400–450 dB/km, which still allows 
operation over shorter link lengths (<20 m), sets the upper wavelength bound.

Two intrinsic loss mechanisms contribute to the raise of attenuation at shorter 
and particularly UV wavelengths. The electronic transitions due to the absorp-
tion of light in the polymer compound cause absorption peaks in the UV region. 
However, their absorption tails extend through the visible spectrum affecting the 
POF attenuation [13]. The dependence of the attenuation coefficient of electronic 
transitions   α  e    [dB/km] on the wavelength for PMMA is given by [14]:

Figure 3. 
Typical spectral attenuation of 1 mm PMMA SI-POF [13] with contributions of intrinsic loss mechanisms and 
with attenuation minima and maxima.



41

Optoelectronic Key Elements for Polymeric Fiber Transmission Systems
DOI: http://dx.doi.org/10.5772/intechopen.86423

   α  e   = 1.58 ∙  10   −12  exp  (  1.15 ∙  10   4  _______ λ  ) .  (1)

The second loss mechanism is the Rayleigh scattering. It is caused by the 
structural irregularities in the polymer compound that are much smaller than the 
wavelength of light (order of one tenth of wavelength or less). The effect of scat-
tering becomes more pronounced as the wavelength decreases since the scattering 
attenuation coefficient   α  s    [dB/km] is inversely proportional to the fourth power of 
the wavelength shown by Kaino [15]:

   α  s   = 13 ∙   (  633 ___ λ  )    
4
   (2)

In the infrared region, the attenuation significantly increases due to the intrinsic 
absorption losses caused by vibrations of the molecular C-H bonds (total of eight 
per MMA monomer). The higher overtones of the C-H bond vibrations also extend 
in the visible spectrum. The seventh overtone at 549 nm and particularly the sixth 
and the fifth overtone at 627 and 736 nm, respectively, cause pronounced absorp-
tion peaks and wide absorption bands, predominantly determining the level of 
attenuation in the red spectral range shown by Emslie [16] and by Groh [17].

The contributions of the intrinsic loss mechanisms to the overall attenuation of 
SI-POF are also shown in Figure 3. The wavelength regions where the fiber exhibits 
low attenuation are called attenuation windows. The SI-POF has four attenuation 
windows. Those are blue, green, yellow, and red windows, with the absolute attenu-
ation minimum of approx. 62 dB/km at around 568 nm (yellow window). The 
parameters of the attenuation windows are listed in Table 2.

The mean refractive index of SI-POF core material in the visible spectrum is  
  n  core   =1.492, whereas the refractive index of cladding is   n  clad   =1.412. Due to the big dif-
ference in refractive indices of core and cladding, the numerical aperture (NA)

  NA =  √ 
__________

  n  core  2   −  n  clad  2      (3)

has the value of 0.482 (usually rounded to 0.5). The corresponding maximum 
acceptance angle of the fiber is 30°. The large core radius   a  core    = 490 μm combined 
with the high NA results in the normalized frequency  V 

  V = 2π     a  core   ____ λ   ∙ NA  (4)

of 2698 at 550 nm, which is far above the limit  V  = 2.405 below which a fiber is in 
single-mode operation. The number of modes   N  mod    propagating through SI-POF can 
be approximated as

   N  mod   ≈  V   2  / 2,  (5)

Attenuation window Blue Green Yellow Red

Attenuation minimum [dB/km] 85 70 62 125

Wavelength of the attenuation minimum [nm] 476 522 568 650

Approximate 3 dB width of the window [nm] 19 24 8 4

Table 2. 
Attenuation windows of SI-POF (based on the attenuation curve from Figure 2).
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corresponding to 3.64 million modes at 550 nm. Due to the significant path differ-
ence between lower- and higher-order modes, propagating respectively at smaller and 
larger angles relative to the optical axis, the strong intermodal dispersion is inherent 
to SI-POF. In the time domain, it is manifested as pulse broadening, thus introducing 
the inter-symbol interference (ISI). In the frequency domain, the intermodal disper-
sion results in a low-pass frequency response, constraining the bandwidth-length 
product of SI-POF to around 50 MHz × 100 m shown by Ziemann et al. [18].

3. Demultiplexing employing thin-film interference filters

The technology based on thin-film interference filters is mature and one of the 
most commonly applied technologies for realization of WDM demultiplexers in 
single-mode glass fiber communication. The demultiplexers for coarse WDM appli-
cations cascade the interference filters to provide up to 16 flattop channels between 
1271 and 1611 nm, with 20 nm minimum channel spacing [19]. The typical param-
eters of commercial 4-, 8-, and 16-channel demultiplexers with IL <1.6, 2.7, and 
3.7 dB, respectively, can be found in [20]. The thin-film filter-based demultiplexers 
for dense WDM applications are commercially available with up to 40 channels in 
1550 nm region and <8 dB IL. Instead of simply cascading the filters, those devices 
usually employ a modular configuration described in by Dutta et al. [21]. The same 
reference provides a typical transfer function of the 40-channel demultiplexer with 
3–6 dB IL and 100 GHz (0.8 nm) channel spacing.

In the visible spectrum, and thus within the application range of SI-POF, a vast 
variety of thin-film interference filters is available from various manufacturers. 
Even though not particularly intended for POF applications, the visible interference 
filters represent an attractive solution for POF demultiplexers, where wavelength 
selectivity, low IL, and high isolation are required.

A dichroic mirror is a special type of interference filter intended for the spatial 
separation or combination of light at different wavelengths. It is designed to operate 
at 45° AOI, such that a certain spectral range is transmitted, whereas the rejected 
wavelength range is reflected at 90° angle with respect to the incident optical axis. 
A commercial visible spectrum dichroic mirror has a transition slope between the 
transmission and reflection band of typically 30–40 nm (see Figures 3 and 4). This 
is significantly less steep compared to the standard interference filters designed for 

Figure 4. 
Principle of separation of two collimated wavelength channels employing thin-film interference filters:  
(1) dichroic mirror (45° AOI); (2) interference filter (0° AOI).
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the normal incidence. Unlike an interference filter, e.g., a long-pass mirror must be 
not only highly transmissive above the cutoff wavelength but also highly reflective 
below it. Therefore, producing steeper slopes would require increased complexity 
of the coating and, accordingly, a significant rise in production costs.

The interference filters show significant angular dependence of their transmis-
sion characteristic measured by Lee et al. [22]. To be applicable for SI-POF, the 
highly divergent beam from the fiber must be transformed into a bundle of parallel 
rays prior to the incidence. To increase the channel isolation, an additional band-
pass filtering in each of the output channels should be implemented prior to the 
focusing of light. As an example, a selection of the dichroic mirror and interference 
filters for demultiplexing two wavelength channels centered around λ1 = 450 nm 
and λ2 = 525 nm is shown in Figure 4.

3.1 Data transmission techniques for increasing the channel capacity

Two data transmission techniques were used to overcome the bandwidth limita-
tion of a POF WDM channel, which is primarily caused by the intermodal disper-
sion of SI-POF. Those were:

1. Non-return-to-zero (NRZ) modulation in combination with electronic disper-
sion compensation, in particular feed-forward equalization (FFE)

2. Discrete multitone (DMT) modulation

In the single-channel POF systems with intensity modulation and direct detec-
tion (IM/DD), those are well-known techniques for increasing the channel capacity. 
The next two subsections briefly introduce the two techniques: non-return-to-zero 
modulation and feed-forward equalization.

According to the Nyquist theorem for two-level signaling, the maximum bit rate 
(in bits per second) for a noiseless channel of the bandwidth  B  equals 2 B . Since the 
real systems encounter noise, this theoretical limit cannot be achieved. Therefore, 
for 100 m SI-POF link, the data rates less than 100 Mb/s are possible. If the data 
rate further increases, the eye diagram of the received signal becomes partially or 
completely closed due to the combination of the ISI and additive noise (introduced, 
e.g., by receiver’s transimpedance amplifier).

The equalization techniques are used to open the eye diagram at the receiver for 
clock and data recovery (CDR). In its principle, the equalizer compensates for ISI, 
which is deterministic (unlike the random noise) and determined by the low-pass 
frequency response of a POF channel. In the work a simple linear FFE equalization 
technique was employed to correct the distorted signal waveforms at the receiver.

An FFE equalizer is realized as a discrete-time finite impulse response filter with 
adjustable coefficients. The output of the equalizer is obtained as the weighted sum 
of the delayed samples of the input signal as

   V  e   (t)  =   ∑ 
k=0

  
N−1

    c  k    V  r   (t − k  T  D  ) ,  (6)

where   V  e   (t)   is the equalized voltage sample at the time  t ,   c  k    is the equalizer 
coefficient (weighting factor),   T  D    is the tap delay, and   V  r   (t − k  T  D  )   is the  k  times 
delayed uncorrected received voltage sample. A block diagram of the FFE equalizer 
is shown in Figure 5.

Through its coefficients the equalizer may synthesize a transfer function  
corresponding to the inverted channel frequency response, thus eliminating the ISI. In 
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a noisy POF channel, and due to inverting the channel frequency response, this would 
lead to great noise amplification at higher frequencies where the channel frequency 
response is small in magnitude. Typically, to minimize the probability of the decision 
error, the weighting factors are calculated to minimize the noise power at the cost of a 
certain amount of residual ISI after equalization. The descriptions of different algo-
rithms for optimizing the equalizer coefficients can be found in Loquai et al. [23].

The BER performance of the system was estimated based on the Q-factor of the 
equalized eye diagram (Figure 6)

  Q =    V  1   −  V  0   ______  σ  1   −  σ  0    ,  (7)

where   V  1    and   V  0    are the mean values and   σ  1    and   σ  0    are the standard deviations of 
the equalized signal voltages associated with logic 1 and 0 levels, respectively, as 
shown in Figure 6. The corresponding BER was obtained as

  BER (Q)  =   1 _ 2   erfc (  Q __ 
 √ 

__
 2  
  ) ,  (8)

where  erfc (x)  =  (2 /  √ 
__

 π  )   ∫ x  ∞    exp  (−  τ   2 ) d𝜏𝜏  is the complementary error function.

3.2 DMT: discrete multitone modulation

To provide high spectral efficiency of the signals transmitted within POF 
WDM channels, a DMT modulation technique was used. The DMT is a multicar-
rier modulation format and represents a baseband version of a better-known 

Figure 6. 
Calculation of the Qy-factor from the eye diagram:  P (1)   and  P (0)  , probability distributions of received logic 1 
and 0 levels, respectively.

Figure 5. 
Basic structure of an FFE equalizer.
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orthogonal frequency division multiplexing (OFDM). Unlike the OFDM, which 
is used in wireless communication systems such as wireless local area networks 
(WLAN), the DMT is widely employed as enabling technology for digital sub-
scriber lines (DSL), e.g., asymmetric DSL (ADSL) and very high DSL (VDSL). 
The DMT-based transmission was also shown to be very beneficial  
for SI-POF communication by Joncic et al. [24], Diaz et al. [25], and  
Vinogradov et al. [10].

The DMT technique slices the frequency-selective channel into a large number 
of subchannels that can be considered to have a flat frequency response. Each sub-
channel is then used for transmission of a passband signal with quadrature ampli-
tude modulation (QAM). The simultaneous transmission of the low-speed parallel 
streams reduces the influence of the ISI. Another important property of DMT is 
that it adapts the signal parameters (QAM size and power in each subchannel)  
to the characteristic of the communication channel.

The principle of the DMT transmission over an optical IM/DD channel is 
shown in Figure 7. A high-speed serial data stream is first divided into  N  parallel 
lower-speed streams, where  N  corresponds to the number of subcarriers. Every  M  
bits in each stream are grouped together and mapped into a complex value cor-
responding to a point of the QAM constellation with   2   M   size. The modulation of 
the complex values onto  N  different subcarrier frequencies is based on the inverse 
fast Fourier transform (IFFT). To obtain real-valued time domain signal samples 
at the output of the IFFT block, a 2 N -point IFFE has to be carried out. Thereby, 
the second half of 2 N  IFFT inputs must be complex conjugate of the first half 
and symmetric around the middle of the input vector, a property referred to as a 
Hermitian symmetry. The real-valued samples of the DMT time signal are then 
parallel-to-serial converted, and a cyclic prefix (CP) is added as a guard interval at 
the beginning of each DMT frame to resist to inter-frame interference occurring in 
a band-limited channel. After digital-to-analog conversion, a bipolar continuous-
time DMT frame is produced. It is then DC-biased to modulate the intensity of an 
electrical-to-optical converter.

At the receiver, the DMT waveform is direct-detected, analog-to-digital 
and serial-to-parallel converted, and demodulated using  2N -point fast Fourier 
transform (FFT). The first  N  complex outputs of the FFT block are QAM-
decoded and parallel-to-serial converted to result in an output serial data 
stream.

Figure 7. 
Principle of DMT transmission over an optical IM/DD channel:   N  CP  ,  length of CP.
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Figure 8. 
Principle of operation of a four-channel SI-POF demultiplexer with serial configuration (see enumeration in 
Figure 3).

4. POF demultiplexer employing thin-film interference filters

This chapter focuses on the experimental realization of a thin-film interference 
filter-based SI-POF demultiplexer using a modular and precisely adjustable setup. 
In a step-by-step approach, the intermediate solutions with two and three chan-
nels were first established. In addition, two different configurations of the target 
demultiplexer setup with four channels were realized. The principle of operation 
and the approach for experimental realization are explained for the simplest case of 
a two-channel demultiplexer. The same basic principles also apply to the demulti-
plexers with higher channel count.

4.1 Operating principle and measurement results for a four-channel demultiplexer

By extending the channel count to four, it was possible to investigate two different  
demultiplexer configurations. Those were:

• Serial configuration

• Two-stage configuration

The principle of operation of a four-channel demultiplexer with serial configu-
ration is shown in Figure 8. In this configuration the dichroic mirrors were cascaded 
such that each mirror (except the last one) demultiplexed a single-wavelength chan-
nel while passing all other wavelengths.

For practical realization 425, 505, and 567 nm cutoff long-pass dichroic mirrors 
were cascaded so that the interference filters centered at 405, 450, 525, and 650 nm 
could be implemented in the output ports 1–4, respectively. The corresponding 
transfer function and the basic parameters of the demultiplexer are shown in 
Figure 9 and Table 3, respectively. The factors contributing to high IL in the output 
ports 3 and 4 are discussed in the next subchapter.

The principle of operation of a four-channel demultiplexer with two-stage 
configuration is shown in Figure 10. The first stage of the demultiplexer, repre-
sented by a dichroic mirror that follows directly after the collimating lens, splits the 
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Figure 9. 
Transfer function of the four-channel demultiplexer with serial configuration and the channels centered at 
404.9, 450.1, 529.1, and 646.4 nm.

Output port 1 2 3 4

Center wavelength [nm] 404.9 450.1 529.1 646.4

3 dB passband bandwidth [nm] 9.4 9.2 39.6 47.8

Minimum IL [dB] 4.24 4.86 9.21 8.63

IL uniformity [dB] 4.97

(Non)adjacent channel isolation [dB] >30

Table 3. 
Basic parameters of the four-channel demultiplexer with serial configuration.

Figure 10. 
Principle of operation of a four-channel SI-POF demultiplexer with two-stage configuration (see enumeration 
in Figure 8).
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incident spectrum into two spectral bands. The separation of the individual wave-
length channels was then performed within the second stage of the demultiplexer. 
The corresponding laboratory setup is shown in Figure 11.

The practical realization was carried out with 505 nm cutoff long-pass dichroic 
mirror in the first stage of the demultiplexer. It reflected the lower spectral band so 
that 425 nm cutoff dichroic mirror was used in the second stage to demultiplex the 
signals for the output ports 1 and 2 in which 405 and 450 nm filters were employed, 
respectively. The upper spectral band transmitted by 505 nm mirror was demulti-
plexed in the second stage by 567 nm dichroic mirror. The filters centered at 525 and 
650 nm were used in the output ports 3 and 4, respectively.

The corresponding transfer function is shown in Figure 12. The basic param-
eters of the demultiplexer are given in Table 4. The measurement results for the 
four-channel demultiplexer with two-stage configuration were presented at the 
International Conference on Plastic Optical Fibers (ICPOF) 2013 [26]. To comply 
with all other measurements shown in this chapter, which were performed 
2 years thereafter, the demultiplexer setup was assembled and characterized 

Figure 11. 
Laboratory setup of the four-channel demultiplexer with two-stage configuration.

Figure 12. 
Transfer function of the four-channel demultiplexer with two-stage configuration and the channels centered at 
404.9, 450.1, 528.3, and 646.4 nm [26].
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again. While preserving the same principal behavior of the spectral response, 
the minimum IL in the output ports 1 to 4 was 6.15, 5.44, 4.21, and 3.85 dB, 
respectively. Those were by 0.49, 0.89, 0.74, and 0.66 dB higher values than those 
reported by Appelt et al. [26].

5. Discussion

The transfer functions shown in Figures 9 and 12 comprised for each demulti-
plexer channel:

• Loss of the connector interface at the demultiplexer input

• Attenuation of 1 m ingoing and 1 m outgoing SI-POF

• Propagation losses through the setup between the fiber end faces

The loss of the connector interface was minimized by applying the index-matching  
gel. This loss downscaled the transfer function of the demultiplexer by approx. 
0.5 dB. To obtain the performance of the optomechanical setup itself, the value of 
0.5 dB should be added to the measured transmittance values. The propagation 
losses included the Fresnel loss at the end face of the ingoing and the outgoing 
fiber, the losses introduced by the optical components (including reflections on the 
anti-reflection coatings), and the coupling losses due to the setup misalignments, 
optical aberrations, and clear aperture of components. For the perfectly aligned 
components and for given distances between them (obtained, e.g., from the CAD 
model), the minimum loss of the demultiplexer could be estimated by means of an 
optical ray tracing software. However, that work was beyond the scope of this work.

The shape of the spectral response of each demultiplexer channel was predomi-
nantly determined by an interference filter that was used. Those filters provided flat-
top response, steep transition slopes, and high isolation between the channels due to an 
optical density greater than 4 (transmission of <0.01%) in the rejection bands within 
400–700 nm region. The deviations of the channels from the nominal central wave-
lengths and bandwidths of interference filters comply with the center wavelength and 
passband bandwidth tolerances of ±2 and ±5 nm for 10 and 50 nm filters, respectively. 
An exception is the green channel where the spectral response curve was truncated by 
505 nm cutoff dichroic mirror with the transmission band starting at 520 nm.

The four-channel demultiplexer introduced an additional channel in the short 
wavelength region. That allowed simultaneous operation at the violet and blue 
wavelengths, which are both very attractive for POF communication due to the 
availability of commercial laser diodes. Two different demultiplexer configurations 
offered significantly different performance.

Output port 1 2 3 4

Center wavelength [nm] 404.9 450.1 528.3 646.4

3 dB passband bandwidth [nm] 9.4 9.3 41.6 47.6

Minimum IL [dB] 5.66 4.55 3.47 3.19

IL uniformity [dB] 2.47

(Non)adjacent channel isolation [dB] >30

Table 4. 
Basic parameters of the four-channel demultiplexer with two-stage configuration [26].
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In the serial configuration, the longer wavelength channels corresponded to the 
higher output ports. Because of the longer optical path than the shorter wavelength 
channels, the longer wavelength channels:

• Were more sensitive to alignment inaccuracies

• Encountered more optical components (dichroic mirrors)

• Suffered from stronger optical aberrations

• Experienced increased beam radius due to the beam divergence caused by the 
finite size of the source fiber [27]

The influence of those effects can be observed in the transfer function from 
Figure 12, where the green and red channels experienced significantly higher 
IL than the violet and blue ones. If the effect of alignment inaccuracy, which is a 
parameter related to the particular setup adjustment, would be disregarded, all 
other effects that are inherent to the serial configuration would lead to the same 
principal behavior of the transfer function.

The Appelt et al. [26] demultiplexer outperformed the four-channel solution 
from [28] in terms of IL and especially crosstalk. An exceptional performance 
of that demultiplexer with IL between 3.19 and 5.66 dB (overall minimum IL 
of 16.87 dB) may be explained by a very precise alignment of the components. 
However, all other measurements (performed 2 years thereafter) with two-, 
three-, and four-channel setups, which had to be each time newly aligned, showed 
somewhat higher IL but also very consistent behavior to one another. Therefore, it 
cannot be excluded that some other factors such as accumulated dust on the opti-
cal surfaces or coating damages due to improper handling could have introduced 
additional attenuation compared to [26] measurement, which was performed 
with brand new components. In spite of that, all subsequent measurement results, 
including the IL of 3.85–6.15 dB for the reassembled two-stage demultiplexer, can be 
considered as excellent achievements.

The significance of these and of the other previously realized interference 
filter-based SI-POF demultiplexers is that they enable realization of POF WDM 
systems and investigation on their data-carrying capacity. For these reasons it is 
important to further optimize the realized demultiplexer setup and extend the 
channel count.

6. WDM transmission employing NRZ modulation

This subchapter shows the initial experimental setup and gives the measure-
ment results prior and after the first optimization step. Even though performed 
measurements cannot be considered as real WDM, the setup with multiplexer 
and demultiplexer along the optical path was assembled, and its functionality was 
demonstrated.

6.1 Experimental setup

The data transmission setup is shown in Figure 13. It comprised an Agilent 
N4903A bit error rate tester (BERT), four butt-coupled edge-emitting laser diodes, 
multiplexing POF coupler, 10 m SI-POF link, interference-based POF demulti-
plexer, optical receivers, and Agilent 86100B sampling oscilloscope.
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To provide precise temperature control, prevent possible damage from overheating, 
and extend the lifetime, the laser diodes were mounted in Thorlabs TCLDM temper-
ature-controlled laser diode mounts. The temperature of an integrated temperature 
control (TEC) element of the mount was adjusted to +15°C. Only for OSRAM samples 
the cooling at +10°C was used to provide better stability of the optical output power. 
Both the temperature of the TEC element and the bias current were controlled over a 
Thorlabs ITC8022 module. Four of those modules were installed in a Thorlabs PRO8000 
modular chassis for the simultaneous control of four operating diodes (see Figure 15). 
To maximize the coupling efficiency from the laser diode into the fiber, a butt-coupling 
unit based on an  xy -translator (0.25 mm pitch of the adjustment screws) was utilized. 
The translator was mounted on the TCLDM9 mount over a 4-rod construction system, 
as shown in Figure 15. To combine the optical signals with different wavelengths onto 
the SI-POF link, a Comcore 4 × 1 fused POF coupler was used (see Table 5).

6.2 Measurement results and discussion

6.2.1 Gb/s transmission over 10 m SI-POF

The laser diodes providing the signals at four different wavelengths operated 
at 405 (DL-5146-101S), 450, 515, and 660 nm. Each diode was inserted into a laser 
socket of the TCLDM mount, which was also equipped with an internal 500 MHz 
bandwidth bias tee and had separate inputs for the bias and modulating current. 
The respective data rates achieved in the individual WDM channels were 0.5, 0.5, 
0.7, and 0.8 Gb/s. The corresponding eye diagrams are represented in Figure 14. 
The effect of pulse shaping due to the low-pass characteristic of the fiber can clearly 
be recognized, e.g., in 405 nm channel.

Figure 13. 
Experimental setup for the measurements employing NRZ modulation: LD, laser diode; MUX, multiplexer; 
DEMUX, demultiplexer; PD, photodiode; TIA, transimpedance amplifier.

Operating wavelength [nm] 405 450 515 639

Laser diode-to-coupler port launching loss [dB] 1.5 1.3 1.3 1.5

IL of 4 × 1 fused POF coupler [dB] 7.9 8.9 8.1 8.6

Connector loss (with index-matching gel) [dB] 0.5

Total loss [dB] 9.9 10.7 9.9 10.6

Table 5. 
Optical power loss at the transmitter side when using 4 × 1 fused POF coupler.
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Figure 15. 
TO-56 diode mounted in a retainer ring; (c) TCLDM9 mount with a butt-coupling unit.

The irregular signal trajectories, e.g., in the eye diagrams of 515 and 660 nm 
channels, indicate the presence of nonlinearities in the electrical domain (presum-
ably introduced by the bias tee circuit). No BER measurement data were saved. 
However, due to the eye diagrams still opened wide enough, it can be reasonably 
assumed that the corresponding BERs were below the FEC threshold of 10–3, allow-
ing for the error correction.

High optical isolation of the demultiplexer provided very low optical crosstalk 
between the WDM channels. The crosstalk of ≤35 dB, coming from 450 nm chan-
nel, was detected in 515 nm channel. In all other channels, the crosstalk lower 
than −45 dB was detected with a Melles Griot 13 PDH 005 integrating sphere. 
Considering the amplitude levels of the recorded eye diagrams and low interchan-
nel crosstalk, no reduction in the SNR of the received signals could be assumed if 
the laser diodes were modulated simultaneously. Therefore, it can be stated that 
an aggregate bit rate of 2.5 Gb/s could be transmitted over 10 m SI-POF with four 

Figure 14. 
Eye diagrams for 10 m SI-POF link at an aggregate bit rate of 2.5 Gb/s (note: The full time scale was 
automatically set by the oscilloscope and is smaller than two unit intervals of the signal).
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simultaneously active channels and no interchannel errors. The corresponding 
information rate after deduction of 7% FEC overhead would be 2.33 Gb/s.

6.3 5 Gb/s transmission over 10 m SI-POF

In the next experiment, 405 (DL-5146-101S), 450, 515, and 639 nm laser diodes 
were used as WDM optical sources. To directly modulate the diodes with a higher 
modulation bandwidth, each diode was soldered to a 50 ohm SMA formable coax 
cable (Figure 14), which was connected to the output of an external bias tee with 
6 GHz bandwidth and 0.1 MHz low cutoff frequency.

Due to the low impedance of the laser diodes (typically 2–5 ohms), a severe 
impedance mismatch was present. However, by using higher power of the modulat-
ing signals, the mismatch could be compensated. For mounting the diodes into the 
mounts, copper retainer rings for both TO-56 and TO-38 packages were fabricated 
(Figure 15). For better thermal conductivity between the TEC element of the 
mount, the retainer ring, and the laser diode housing, a heat-conductive paste was 
applied on the contact surfaces.

The bit rates in the individual channels were 1.25 Gb/s (405 nm channel), 
1.05 Gb/s (450 nm channel), 1.25 Gb/s (515 nm channel), and 1.45 Gb/s (639 nm 
channel). The transmission parameters for the individual channels are listed in 
Table 6. In contrast to the previous measurement, no signal nonlinearities were 
present, and the maximum achievable data rates were limited by the ISI.

Taking into account the amplitude levels of the recorded eye diagrams and low 
interchannel crosstalk, like in the previous experiment, no power penalty due to 
crosstalk could be assumed if the laser diodes were modulated simultaneously. 
Therefore, it can be stated that 5 Gb/s transmission could be realized over 10 m 
SI-POF link at the BER <10–4 with four simultaneously active channels and no 
interchannel errors. Using a standard Reed-Solomon (255,247) FEC with 3.2% 
redundancy, 4.84 Gb/s transmission could be achieved at the BER<10–9 [28].

6.4 WDM transmission employing NRZ modulation and FFE equalization

This subchapter shows the improved experimental setup and gives the mea-
surement results of the simultaneous four-channel NRZ transmission over 50 m 
SI-POF. To mitigate the effects of ISI, the FFE equalization was implemented at the 
receiver side. The experimental setup is shown in Figure 16. It comprised a four-
channel Agilent M8190A arbitrary waveform generator (AWG), four butt-coupled 
edge-emitting laser diodes, four-legged multiplexing POF bundle, SI-POF link 
of two different lengths, interference-based POF demultiplexer, Graviton SPD-2 
receiver, and four-channel Agilent DSA91604A real-time oscilloscope with built-in 
software for digital signal processing. A photo of the general setup for investigating 
four-channel high-speed POF WDM transmission is shown in Figure 17.

To multiplex the signals from four laser diodes onto the SI-POF link, a four-
legged POF bundle was used. A multiplexing interface is formed by positioning the 
fiber bundle against 1 mm SI-POF.

Operating wavelength [nm] 405 450 515 639

Bit rate [Gb/s] 1.25 1.05 1.25 1.45

BER 6⋅10−5 7⋅10−5 1.1⋅10−6 9⋅10−7

Table 6. 
Transmission parameters for 10 m SI-POF link at an aggregate bit rate of 5 Gb/s.
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For realization of the bundle, an Asahi KASEI DB-400 PMMA SI-POF with 
400 μm cladding diameter and NA = 0.5 was used. Four 60-cm-long fibers were 
terminated at the input side with 400 μm FC connectors. The opposite ends of the 
fibers were joined together and glued inside 970 μm FC connector to form the fiber 
bundle (Figure 18). As illustrated in Figure 18, an FC connector-mating sleeve 
was used to bring together and align the bundle and the input of the SI-POF link, 
thereby forming the multiplexing interface. An index-matching gel was applied 
between the connectors to reduce the losses.

Figure 17. 
Experimental setup for investigating four-channel high-speed POF WDM transmission: (1) Agilent M8190A 
AWG; (2) attenuator and MERA-556+ wideband amplifier; (3) bias tee; (4) Thorlabs TCLDM temperature-
controlled laser diode mount, (5) Thorlabs ITC8022 module; (6) Thorlabs PRO8000 modular chassis; (7) four-
legged multiplexing POF bundle; (8) SI-POF link; (9) four-channel interference filter-based demultiplexer; 
(10) graviton SPD-2 receiver; (11) Agilent DSA91604A real-time oscilloscope; (12) Melles Griot universal 
optical power meter with 13 PDH 005 integrating sphere; (13) Thorlabs PM100D power meter with S140C 
integrating sphere.

Figure 16. 
Experimental setup for the measurements employing NRZ modulation and offline-processed FFE: ATT, 
attenuator; AMP, amplifier; DC, direct current.
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The described multiplexing solution was first shown in [29]. Shortly before, 
the patent application for an optical POF multiplexer based on a multi-legged 
POF bundle, which referred to arbitrary channel counts and fiber diameters, was 
submitted to the German Patent and Trade Mark Office (DPMA) under number DE 
102013 020236.1. A similar approach was later adopted in [30, 31] to realize the low 
loss seven-legged and three-legged multiplexers, respectively.

The AWG simultaneously generated four independent NRZ data streams 
(Figures 16 and 19) based on 27-1 PRBS with the maximum sampling rate. 

Figure 18. 
Four-legged multiplexing POF bundle: (a) cross sections of four 400 μm cladding diameter fibers arranged 
within a circle with 970 μm diameter (left) and of 980/1000 μm SI-POF (right); (b) principle of operation of 
the POF bundle as a multiplexer; (c) four 400 μm fibers glued within 970 μm FC connector; (d) formation of a 
multiplexing interface with the POF bundle aligned against the SI-POF link using an FC connector-mating sleeve.

Figure 19. 
Eye diagrams for 50 m SI-POF link at an aggregate bit rate of 7.8 Gb/s.
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The received electrical signals were acquired by the real-time oscilloscope with 8-bit 
vertical resolution and oversampling. The digital receiver equalization was carried 
out in the offline mode. For that purpose the oscilloscope’s built-in Serial Data 
Equalization software was used [32].

To prevent the equalizer from amplifying the noise components at higher 
frequencies where the energy content of useful signal was low, the bandwidth of 
the oscilloscope was set to the value in GHz corresponding to one half of the data 
rate in Gb/s. A phase-locked loop was used to extract the clock from the equal-
ized data.

The eye diagram of an equalized waveform was displayed on the oscilloscope’s 
screen for further analysis. The oscilloscope’s built-in software EZJIT Complete 
was used to estimate the corresponding Q-factor [33]. Thereby, only a small time 
window (2% of the unit interval) in the middle of the equalized eye diagram was 
taken into consideration. The BER value was then calculated using Eq. (5). Table 7 
shows the optical power losses of the four used WDM channels.

6.5 7.8 Gb/s transmission over 50 m SI-POF

The WDM channels based on 405 nm (DL-7146-101S), 450, 515, and 639 nm 
laser diodes were employed in this transmission experiment. To maximize the 
modulating signal amplitude and thereby improve the SNR of the received signal, 
the optical output power of each laser diode was adjusted to its maximal possible 
value. For 405, 450, and 515 nm devices, the operating point was set to comply with 
the upper limit of the receiver’s dynamic range. The 639 nm device was driven with 
the maximum recommended forward current. The respective used bias currents 
were 70, 40, 61, and 43 mA. The optical powers coupled into the SI-POF link and 
the received optical powers measured after the demultiplexer are given in Table 7.  
All diodes were driven in their linear lasing region. The 1 Vpp output amplitude 
of the AWG was sufficient to modulate 450, 515, and 639 nm laser diodes with the 
modulation index of approx. 0.9. The signal in 405 nm channel was additionally 
amplified to achieve the same modulation index. For the amplification, a MERA-
556+ wideband amplifier (20.5 dB gain at 0.1 GHz) was used in combination with 
10 dB attenuator to avoid amplifier nonlinearities (18 dBm output power at 1 dB 
compression point at 0.1 GHz).

The maximum transmission rates achieved in the individual channels were 
1.7 Gb/s (405 nm channel), 1.9 Gb/s (450 nm channel), 2.2 Gb/s (515 nm channel), 
and 2 Gb/s (639 nm channel). Thereby, six FFE taps with the tap delay equal to one 
half of the corresponding bit period were used in each of the channels. The trans-
mission parameters for the individual channels are listed in Table 8. The resulting 
eye diagrams are represented in Figure 19. A total of 7.8 Gb/s were transmitted over 
50 m SI-POF at the BER < 10–5. After deduction of 3.2% redundant bits required for 
Reed-Solomon (255,247) FEC, a net bit rate of 7.56 Gb/s was obtained. Compared 
to the record capacity of a single-channel system over the same fiber length used by 
Vinogradov et al. [10], an improvement of 1.67 Gb/s was achieved.

Operating wavelength [nm] 405 450 520 639

Laser diode-to-400 μm fiber launching loss + attenuation of a bundle leg [dB] 4.06 2.63 2.82 4.76

Connector loss (with index-matching gel) [dB] 0.87 0.98 0.52 0.77

Total loss [dB] 4.93 3.61 3.34 5.53

Table 7. 
Optical power loss at the transmitter side when using four-legged POF bundle.
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7. Conclusions

We experimentally demonstrated the feasibility and potential of a high-speed 
POF WDM concept; a four-channel data transmission setup was realized. A four-
legged multiplexing POF bundle was developed to combine the signals from four 
visible laser diodes onto SI-POF link. For the separation of wavelength channels, the 
interference filter-based demultiplexer with two-stage configuration was used. It 
was shown that POF WDM with lower channel rates and simple transmission tech-
nique (NRZ + FFE) could provide aggregate bit rates comparable to those achieved 
with the single-wavelength systems that used advanced modulation formats (DMT 
or PAM + DFE) and required significant signal processing. In addition, the 50 m 
SI-POF link at an aggregate bit rate of 7.8 Gb/s was demonstrated over 50 m SI-POF, 
respectively, at the BER = 10–3.
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Chapter 4

All Optical Signal Processing 
Technologies in Optical Fiber 
Communication
Muhammad Irfan Anis

Abstract

Due to continued growth of internet at starling rate and the introduction of new 
broadband services, such as cloud computing, IPTV and high-definition media 
streaming, there is a requirement for flexible bandwidth infrastructure that sup-
ports mobility of data at peta-scale. Elastic networking based on gridless spectrum 
technology is evolving as a favorable solution for the flexible optical networking 
supportive next generation traffic requirements. Recently, research is centered on a 
more elastic spectrum provision methodology than the traditional ITU-T grid. The 
main issue is the requirement for a transmission connect, capable of accommodat-
ing and handling a variety of signals with distinct modulation format, baud rate 
and spectral occupancy. Segmented use of the spectrum could lead to the shortage 
of availableness of sufficiently extensive spectrum spaces for high bitrate chan-
nels, resulting in wavelength contention. On-demand space assignment creates not 
only deviation from the ideal course but also have spectrum fragmentation, which 
reduces spectrum resource utilization. This chapter reviewed the recent research 
development of feasible solutions for the efficient transport of heterogeneous 
traffic by enhancing the flexibility of the optical layer for performing allocation of 
network resources as well as implementation of optical node by all optical signal 
processing in optical fiber communication.

Keywords: defragmentation, format conversion, grooming, multicasting, 
optical signal processing, semiconductor optical amplifier, wavelength conversion

1. Introduction

In recent years, with the proliferation of cloud computing and high-definition 
media streaming increasing the use of communications and information technol-
ogy in photonic infrastructure. Fiber capacity crunch concerns are driving optical 
networking toward a spectral-efficiency-conscious design philosophy. Moreover, 
as the number of various high-capacity services increases such as video delivery 
service and data centers, transport network flexibility will become important, 
resulting in the demand of elastic transport optical networking [1–5]. Key methods 
for empowering the elastic/flexible optical system are: single SDN XCVR, BW 
increase, flexible spectrum approach, Multicore fiber using the SDM technology. 
Nonetheless, it would be cost-restrictive to convey an entirety set of advances.
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Therefore, in the next generation optical communication, optical nodes will 
need to allocate resources in an elastic and effective way to professionally provision 
high and low data rate signals [6]. To represent this evolving network scenario, an 
elastic network is proposed and demonstrated, providing elastic resource allocation 
in spectrum as a means to address the disparity between required and allocated 
bandwidth. By using this technique it is possible to assign a customized bandwidth 
per channel depending on specific requirements. Elastic allocation in the spectral 
domain implies that the standard 50-GHz ITU grid is not used and a continuous 
spectrum can be allocated to accommodate high-capacity channels with large 
bandwidth requirements. Also, channels that require lower bandwidths can be 
accommodated more efficiently by using narrower channel spacing as long as the 
performance is not compromised. Next generation optical networking is expected 
to cope with a number of challenges, especially in terms of elastic optical nodes [7], 
as there is always a need of increasing flexibility in the allocation of spectral and 
temporal resources so that they are able to efficiently support on-demand services 
and functionality.

Apart from the obvious advances in capacity and performance, it is clear that 
with each progressive stage of evolution of the optical node, additional flexibility 
has been introduced, e.g. the introduction of wavelength granularity, the ability to 
add/drop individual wavelengths, reconfigurability, etc. Other types of functional-
ity may also add flexibility to the system, e.g. wavelength conversion (WC), format 
conversion (FC), multicasting (MC), regeneration, etc. In [8] a broadcast and 
select node based on bandwidth-variable wavelength selective switches (BV-WSS) 
was proposed. However, the very nature of this architecture will restrict upgrade-
ability and will limit support for evolving requirements and new functionalities, 
e.g. optical signal processing. However, in Reconfigurable Optical Add Drop 
Multiplexer (ROADM) architectures [9] it is difficult to introduce additional 
functionality due to the fact that several wavelengths are simultaneously switched 
over the same port. On the contrary, OXCs support additional functionality more 
naturally as wavelengths are split and switched individually. Thus, modules with 
the required functionality to operate on individual wavelengths can be positioned 
in the right place within the OXC. However, the requirement for a particular signal 
processing function is often uncertain, e.g. it may be required for some wavelengths 
at some time period and for other wavelengths at a different time period. Therefore, 
modules that provide a per-channel functionality are generally deployed for all 
wavelengths as there is no possibility of sharing them among several optical paths 
inside the OXC. A better solution would enable modules to be shared, thus improv-
ing modules’ utilization and reducing the amount of modules required to satisfy 
a given demand for the offered functionality, i.e. better hardware utilization and 
efficiency.

WDM networks utilize routing and wavelength allocation (RWA) algorithms to 
find available resources for new requests. However, in elastic optical networks the 
problem is more difficult due to the new flexible spectrum allocation, where elastic 
spectrum bands rather than single wavelengths are considered. For new requests 
with specific bandwidth requirements, routing and spectrum allocation (RSA) 
algorithms need to identify sufficiently wide spectrum slots that are available from 
source to destination. Furthermore, as channels are added and removed, they leave 
behind noncontiguous slots of free spectrum. Although these fragments may add 
up to a considerable amount of bandwidth, new channel requests may be blocked 
due to the lack of sufficient contiguous spectrum [10]. Spectrum fragmentation 
may be prevented to some extent by introducing appropriate policies in RSA algo-
rithms. Alternatively, techniques to defragment the spectrum may also be utilized, 
e.g. using wavelength conversion.
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Another issue of optical node is that, it should manage transport of blend of 
suppliers’ traffic facilities for legacy signals, core traffic and multiple format signals 
with variable bit rate. Thus, flexible optical nodes will ought to assign resources in 
an adaptable and proficient way to back a blend of super-channels and lower speed 
channels. The nodes’ density will mainly influenced on the link interoperability 
between segments (i.e. core segment: need signal processing and to support super-
channels, metro segments: might carry legacy 10 Gb/s [11] links).

To address increasing traffic growth, the most straightforward and economical 
way in which this can be done is to deploy additional 10G wavelengths. Thus, new 
10G wavelengths are placed 50 GHz, according to the standard WDM grid, until the 
available bandwidth is exhausted. However, the maximum capacity that can thus be 
provided is 800 Gb/s (i.e. 80 × 10 G using only the C band), which is already in suf-
ficient for heavily used backbone network links. Furthermore, providing additional 
capacity in this manner is highly inefficient in terms of the spectral resources that 
are consumed. The immediate solution to this problem is to deploy 100 G links, 
despite their higher cost compared to 10 × 10 G. 100 G is more spectrally efficient 
than 10G as it can fit in a standard 50-GHz WDM slot, advance modulation formats 
(like DP-QPSK), coherent detection, extensive use of Forward Error Correction 
(FEC) and electronic impairment mitigation. However, this solution is expected 
to be viable only for the short and medium terms. For super-channels at 400 Gb/s 
[12], 1 Tb/s [13] and beyond [14, 15] will occupy broader spectrum, require more 
complex multilevel modulation formats with higher OSNR and consequent shorter 
reach which neither fits within the existing ITU grid nor is supported by conven-
tional optical network infrastructures. For instance, optical cross-connects and 
ROADMs allocate only discrete 50-GHz slots of bandwidth due to their internal 
WDM (de)multiplexers. Channels that require wider bandwidths are severely 
distorted if passed through such devices. Therefore, in order to efficiently support 
high-speed channels, a flexible bandwidth infrastructure is required.

In spite of the increasing popularity of elastic optical networks, there has been 
very little work focusing on elastic node architectures. Therefore it is critical to 
investigate the details of realizing optical networking solutions toward flexible and 
efficient allocation of network resources. Further, provide fully functional intel-
ligent infrastructure for simultaneously supporting the switching and transport of 
combination of high-capacity super-channels and lower bit rate channels [16]. How 
elastic nodes support dynamic and on-demand provisioning of functionality, such 
as spectrum defragmentation, wavelength conversion, regeneration, grooming, 
format conversion, time multiplexing, etc. leaves the door open for future research.

2. The roadmap toward elastic optical networks

A number of different industry surveys indicate the global IP traffic is increas-
ing at a startling rate i.e. more than 30% per year [17] and estimates that by 2025 
the Internet will burn 7% of the 2010 global electricity supply [18]. This heralds 
the start of a huge wave of data driven mainly by broadcasting or multicasting, 
streaming of IPTV, high-quality videos using ultrahigh-definition (4 k _ 8 k pixels) 
videos and rich media files that clients migrating to an all smart phones and tablets, 
enabling video to be consumed more conveniently stored in cloud architecture such 
as Microsoft Azure or Apple’s iCloud via network connections anywhere, anytime.

To cope with this expected growth in traffic volume technological advances 
to date have allowed an increase in DWDM data rates to higher than 100 Gb/s per 
optical carrier, but these technologies will soon be close their practical or theoretical 
limits. To offset this growing trend and the consequences of unbridled demand, 
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research efforts are focused on the ways to improve the efficiency of these net-
works, often by leveraging photonic alternatives to provide improved performance 
[19]. The evolution of optical nodes and networks has been characterized by 
continuous enhancements in the parameters listed in Figure 1. These parameters are 
inter-dependent and their relative temporal evolution, combined with the related 
network economics, will dictate the exact network evolution, assuming maturity 
of the available technology. For an optical network to accommodate all the above 
requirements, it must transparently transmit, switch channels (e.g. wavelengths, 

Figure 2. 
Evolution in optical transmission technology [22].

Figure 1. 
Vision for a transparent reconfigurable optical network: it is the relative development of the each of five 
parameters with respect to time and that will dictate the network evolution.
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wavebands, sub wavelength channels) and provide on-demand bandwidth in a 
scalable and reconfigurable fashion [20].

The graph (Figure 2) shows that the evolution of transmission capacity x fiber 
link has been growing over the years. The optical fiber bandwidth utilization 
approaches its peak limit quickly. Given the potential for such capacity crunch, 
the research community has concentrated on finding alternatives that make the 
most of the scarce network resources and meet the consistently expanding traffic 
requests [21]. In such context, adaptability or reconfigurable capability of networks 
will become more and more critical and hence spectrum efficient optical network-
ing techniques have been introduced as a way to offer efficient utilization of the 
available optical resources. The place to start is with the transport network, which 
forms the foundation of elastic networking.

Currently, all deployed optical transport technologies are mainly based on 
a fixed grid 50 GHz or 100 GHz/frequency grid standardized by ITU-T and the 
same modulation technology has been used for optical signals at the same bitrate 
regardless of the transmission distance. In this scenario, the system is reaches its 
limits in terms of both capacity and flexibility [10, 23, 24] as higher capacities 
per fiber have been achieved by improving the spectral efficiency (SE) through 
increasing the bitrate per channel while keeping or even narrowing the channel 

Figure 3. 
Roadmap toward elastic spectrum by all-optical signal processing based on transmission distance and user 
traffic volume [27].
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spacing. In order to fully realize the vision of elastic optical networking, network 
operators have migrated to flexible transport technology solutions capable of 
supporting grid spacing flexibility. Opportunities for exploiting underutilized 
spectral resources are shown in Figure 3. The essence of elastic optical path net-
work yields highly-efficient optical path accommodation. The resulting spectral 
savings is achieved by taking advantage of the spectral resources that had not yet 
been fully utilized, thus results in an increase in network capacity [25]. Let us 
consider an example in which mixed-rate with different modulation format traffic 
is transported in a single fiber. For spectrum A, four 100-Gb/s optical channels 
headed for the same destination. These can be combined them into a tightly 
spaced 400-Gb/s superchannel and transported as a single entity by eliminating 
the unnecessary spacing between the channels. Spectrum B shows the ITU-T fixed 
grid with excess channel spacing. In the next step (spectrum C) implement a 
flexible grid by using the all optical processing technique i.e. defragmentation. For 
client traffic that does not fill the entire capacity of a wavelength, the elastic opti-
cal path network provides the right sized intermediate bandwidth [26] by format 
conversion through adaptive modulation represented in spectrum D. This makes 
the unused client bandwidth available for use. The wavelengths routed in the same 
direction, grooming is performed as illustrated in spectrum E. Finally in spectrum 
F, for shorter optical paths, which suffer from less SNR degradation, employment 
of more spectrally efficient modulation format, such as 16QAM or DP-QPSK, fur-
ther combined with elastic channel spacing, where the required minimum guard 
band for wavelength routing is assigned between channels is performed [25]. In 
this way, elastic optical path networks accommodate a wide range of traffic in a 
highly spectrally efficient manner [26].

3. Optical switching paradigms

To appreciate the benefits and challenges of all optical networking, it is instruc-
tive to review switching in the optical layer. In this section, we first discuss the 
carrier perspective on the design, functionality and application of switching 
technology.

Ongoing years have exhibited the constrained versatility of electronic switching 
changing to acknowledge transport systems. In reaction, all-optical switching/pro-
cessing has been recognized as a candidate arrangement to empower high-capacity 
communication within the future. One of the elemental challenges is to proficiently 
bolster a wide range of traffic configuration, driving the requirement for hardware 
that is affordable to construct and deploy [28]. The purpose is to identify the key 
switch technology which can be used in the gridless elastic network scenario.

3.1 Switching technology

With the growth of network traffic due to continue to meet the insatiable con-
sumer demand for transmission bandwidth, the need for more flexibility and better 
control over network capacity which drives the need for switching in the optical 
domain is apparent [29]. Figure 4 shows a potential photonics switch evolution. 
The switch fabric circuit is the fundamental building block of the next generation 
optical network, distributing all network traffic from ingress ports to egress ports 
and also providing the functionality of sharing the spectrum in the time domain 
with respect to sub wavelength switching. The performance of switch fabrics is very 
critical in network applications. Efficiencies must be delivered via the use of switch 
management which is autonomic and guided by intelligent software algorithms.
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As mentioned elastic optical communication are based on the principle that the 
bandwidth of fiber can be partitioned dynamically into adaptable size spectrum 
slots. The size and state of each space are generally customized to the prerequisites 
of a particular (group of) channel(s) in order to achieve effective network-wide 
transport. This fine slicing and shaping of passbands is achievable with spectrum 
selective switching (SSS) devices feature a fine spectrum granularity that facilitates 
the employment of customizable filters with variable bandwidth, e.g. from 10 GHz 
to 5 THz in 1-GHz increments, and attenuation, e.g. programmable from 4 dB to 
30 dB in 1-dB steps [30].

A few optical switch technologies are shown in Table 1 that can be used in elastic 
networks. The combination of gridless spectrum switching and rapid time switch-
ing devices advances empowers the provisioning of a wide range of optical band-
width granularities [6]; however, they do not have a large port-count, which makes 
them incompatible for connecting devices in an elastic optical node. Fast switching 
are more easily achieved with semiconductor optical amplifiers (SOA) or electro-
optic materials such as LiNbO3 or PLZT. Large port-counts are usually implemented 
with 3D-MEMS [38] or direct beam-steering devices [39] (achieves lower insertion 

Figure 4. 
Photonic switch evolution [27].
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loss than 3D-MEMS [40]), they have a slower response than fast switching devices, 
on the order of 10 ms.

4. Need for elastic optical node in optical fiber communication

Recent developments in optical networking have enabled elastic allocation of 
spectral resources in a gridless manner in order to accommodate high-speed and 
variable-bitrate signals and achieve high spectral efficiency [41]. For instance, 
in [42] the spectrum sliced elastic optical path network centered on OFDM, alters 
signal bandwidths by changing the number of sub-carriers in the transmitted 
OFDM channel. Other elastic networks based on single carrier (SC) adapt the 
transmission modulation format in order to mitigate losses or transmit at higher 
data-rates by exploiting the high OSNR margin [8] with a tradeoff between trans-
mission range and spectral efficiency (SE). Such demonstration requires optical 
communication infrastructure with the suitable functionality in order to operate 
[8], frequency/time/space multiplexing, spectrum defragmentation, wavelength 
conversion, multicasting, format conversion, etc. However, it would be cost-
prohibitive to deploy a complete set of technologies and infrastructure to fulfill the 
requirements for all possible signals and traffic profiles. Instead, emerging tech-
nologies need to co-exist with existing ones and provide a smooth migration path 
where old technology can be gradually replaced. Also, in the context of dynamic 
optical networks the required services functionalities might change overtime as 
channels with specific transport and switching requirements are setup and termi-
nated. Providing efficient support for this combination of dynamic requirements 
with static optical node architectures is a major challenge, which may not be achiev-
able or cost effective [8]. Thus, a new type of flexible and evolvable optical infra-
structure needs to be developed in order to enable flexible allocation of resources, 
and provide any switching and processing capability on demand.

The network scenario considered herewith takes into account the potential 
applicability of all-optical processing techniques in the network domain. Figure 5 
depicts a case within this framework which consists of four stages which can be 
placed in diverse geographical sites, i.e. arbitrary input traffic 12.5/42.7/170.8/Gb/s 
transmitters (WDM domain), an all-optical processing node, field transmission 
(dark fiber) and receiver. Upon entering the all-optical processing node and to 

Material Cons Pros

PLZT [31] Coupling loss High-speed switching (<5–10 ns), low 
driving voltage (5–10 V)

LiNbO3 [32] Polarization dependence Fast response (<10 ns), low voltage (3 V)

SOA [33] High PDL, wavelength dependence Fast response (3 ns), no insertion loss, low 
power consumption

Directional 
Coupler [34]

High insertion loss Fast response (∼100 ps), low cross talk

Polymer [35] Slow response (>1 ms), medium 
power consumption

Low loss (<0.5 dB/cm)

Silica (PLC) [36] High power consumption High extinction ratio

MEMS [37] Slow response (∼10 ms), high 
voltage (50–200 V)

Scalability, small cross talk

Table 1. 
Optical switch technologies.
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deliver the optical routing function, all the WDM signals are routed through the 
96 × 96 3D-microelectromechanical systems. The optical cross connect architec-
ture consist of subsystems such as Quad Semiconductor Optical Amplifier-Mach-
Zehnder interferometer, 200 ms LCoS based SSS [43], wavelength/waveband 
AWG, (De)-Multiplexer, optical power couplers/splitters and EDFA are intercon-
nected using a 96 × 96 3D-microelectromechanical systems optical switch. The 
grooming node delivers required real time all-optical processing [44] functional-
ities, arbitrary spectrum switching and time-domain sub-wavelength switching 
[45]. It also considerably improves the efficiency and elasticity of the optical node 
and offers support for current and future data-rates with transparent facilities 
with low power consumption. All the traffic after node is routed over a dark fiber 
link, and performances are evaluated by means of BER measurements [7].

5.  Key functional building blocks for next generation elastic optical 
network: wavelength conversion, format conversion and multicasting

The foundation of a photonic network’s physical layer is transmission technology 
in the links and switching technology in the nodes. Different optical multiplexing 
techniques and modulation formats such as differential quadrature phase shift keying 
(DQPSK) and quadrature amplitude modulation (QAM) can increase the transmis-
sion line rates per fiber to more than 100 Tbit/s [46]. Now research effort are targeted 
at the Optical Transport Network layer switching where optical processing in the 
network node allows highly efficient use of capacity, and the abstraction of client 
data rates from the super-channel data rate. Since some of the networking functions 
are difficult to carry out electrically, novel processing schemes are required. All-
optical processing techniques remove the need for optical-to-electrical conversion, 
and electronic processing, resulting in optically transparent networks [47]. Figure 6 
illustrates the key issues relating to the component and subsystem requirements for 
the main parts of the future all optical network [48]. As discussed earlier, flexibility 
is the important issue that will drive optical subsystem research and development 
over the next few years.

One of the challenges being faced by the elastic network is bandwidth assign-
ment and channel numbering for different bit rates. When increasing number of 
channels, the spectrum gets fragmented as channels are added and removed leaving 
behind noncontiguous empty slots. When high bandwidth requests arrive there may 

Figure 5. 
Network scenario and switching node architecture. Four network sections are highlighted: transmission, 
all-optical processing in flexible architecture adaptable node (FC, format conversion; WC, wavelength 
conversion; WS, WaveShaper; MC, multicasting; OXC, optical cross connect), dark fiber, receiver [7].
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not be sufficient contiguous bandwidth to accommodate them, resulting in block-
ing [49]. Techniques for spectrum defragmentation involve relocation of existing 
wavelengths by means of wavelength conversion. Providing such functionality to 
those channels that require it, and doing it in an efficient manner, is a major chal-
lenge. This holds true for other types of functionality such as time multiplexing, 
format conversion, regeneration, etc. Importantly all-optical modulation format 
conversion is likely to be used for future all-optical networks in order to add the 
optical network flexibility [50, 51]. In these networks, systems deployed in different 
regions could have different bit rates and modulation formats depending on the 
network size. Therefore, a critical requirement will be the transparent interconnec-
tion of these different network islands, which should take place by all-optical means 
at the network gateways [52].

Transparent optical multicast by multiwavelength conversion has revealed 
a brand-new way for performing data multicast function directly in the opti-
cal domain without passing through any electronics. It provides new visions of 
optical network designs in terms of optical network switching and forwarding 
efficiency, transparency, and effectiveness [53]. One-to-many or multichannel 
wavelength converters are very attractive because they could potentially reduce 
the number of converters in a routing node without adding more complexity 
in the switch design. Applications for optical multicast include teleconferenc-
ing, video distribution, multiparty gaming and global enterprise virtual private 
networks (VPNs), etc. [54].

6. All optical converters

The implementation of simple converters can be considered an enabling 
technology for taking the full advantage of the wavelength dimension in WDM 
networks. A straightforward implementation of a converter would be a detector 
followed by an electronic amplifier and a transmitter with the desired new output 
format/wavelength. However this principle suffers from both a high component 
count and a high power consumption making the approach impractical for use in 
large optical switches. Therefore, much attention has been devoted to the realiza-
tion of all optical converters exploiting the properties of nonlinear devices relying 

Figure 6. 
Key issues of future photonics subsystem [27].



73

DOI: http://dx.doi.org/10.5772/intechopen.88354
All Optical Signal Processing Technologies in Optical Fiber Communication

on mechanisms such as cross gain modulation (XGM), cross phase modulation 
(XPM) and four-wave mixing (FWM) in nonlinear devices [55].

6.1 Cross gain modulation (XGM)

In its general form the principle of operation of the technique is that an optical 
input signal to be wavelength converted is used to saturate the gain of an active 
nonlinear element and thereby modulate a continuous wave (CW) signal (pump) at 
the desired output wavelength [49, 56–58] as shown in Figure 7.

Several approaches have emerged to implement all optical wavelength conver-
sion using XGM in SOA, but its conversion speed is determined by the carrier 
dynamics [59], which are governed by slow interband carrier recombination [60]. 
Some indicative examples include the work presented in [61] where a 1.2 mm long 
SOA is used for 40 Gb/s conversion with 1.5 dB power penalty. In [62] a 2 mm long 
SOA is used for achieving 100 Gb/s wavelength conversion based on XGM. In [63] 
80 Gb/s conversion with reportedly low penalty has been achieved.

XGM WCs are attractive because of their simplicity and high conversion effi-
ciency, and the conversion can be made independent of the polarization of the 
incoming signal. The XGM converter has a number of shortcomings, such as (bit 
stream) data polarity inversion and the relatively large chirp of the output signal 
due to the large gain modulation. Finally other than wavelength conversion, XGM 
has been used for many functions like: format conversion [64], multicasting [65] 
and header processing in packet switches [66, 67].

6.2 Cross phase modulation (XPM)

In XPM, phase change of the nonlinear element is used rather than the gain 
change. The optical input signal power controls the phase difference acquired by a 
pump along the two arms through the refractive index of the nonlinear element [68]. 
There are number of interferometric configurations that have been used for XPM, 
some of these are shown in Figure 8. A very promising method is XPM in delayed 
interference signal wavelength convertor configuration (DISC) [62, 69]. 3R regen-
eration with DISCs has been demonstrated in [70] and a Michelson’s interferometer 
(MI) [71], Mach-Zehnder (MZ) [72]. Some of the first implementations to appear 
using the interferometric technique is Terahertz Optical Asymmetrical Demultiplexer 
(TOAD) [73] configuration for the MZI where high-speed operation has been 
achieved [75].

These converters can perform ultra-high bit rate operations, e.g., demultiplex-
ing from 250 Gb/s [76]. Configurations like the TOAD or the Ultra-fast Nonlinear 
Interferometer (UNI) [77] have been used mainly for optical processing functions 
other than wavelength conversion. For instance, UNI configurations have successfully 
been used in [78] for optical packet switching and in [79] for clock recovery.  

Figure 7. 
Schematic of wavelength conversion by XGM in nonlinear medium [27].
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The use of SOAs is favored over the other elements mentioned above by virtue of com-
pactness and the potential for amplification in suitable all active configurations [56].

The most promising implementation is based on Mach-Zehnder (MZ) structures, 
their compactness and broad range of functionalities give a very versatile, and 
thereby a very cost effective device. Nevertheless, owing to the carrier recovery time, 
the operating bit-rate of the MZ is limited, like the XGM gates. To tackle this problem 
push-pull configurations have been suggested where, by applying phase changes in 
both arms [56], the performance can be significantly enhanced [80, 81]. This config-
uration has been used in a number of different signal processing applications such as 
demultiplexing [81], regeneration [82], add-and-drop multiplexing [83], regenera-
tive add-and-drop multiplexing [84] and format and wavelength conversion [85]. In 
fiber-based devices, the nonlinear loop mirror (NOLM) is of particular interest [86, 
87]. Due to the inherently ultra-fast response of the Kerr nonlinearity, the NOLM 
is capable of performing a number of fast bit-level processes e.g., 640 to 10 Gb/s 
demultiplexing [88], regeneration [89], simultaneous 10 Gb/s wavelength conver-
sion and regeneration [90], and clock extraction [91]. Other than in interferometric 
configurations, phase modulation can be translated into power modulation by a 
simple notch filter like that in [92] and XPM can be achieved. XPM in fibers has been 
used in other configurations to provide 160 Gb/s conversion and 3R regeneration 
[93] and low penalty wavelength conversion [94]. Recently Raman enhanced self-
phase modulation in fibers attracted a lot of attention as an ultra fast technique with 
noise suppression capabilities [95], however the method is still immature. Generally, 
nonintegrated devices suffer from stability problems and encounter control issues.

6.3 Wave mixing based: four wave mixing (FWM)

The linearity of the optical reaction is lost when a high-power optical signal is 
introduced into a fiber. Four wave mixing is a sort of optical Kerr impact, happens 

Figure 8. 
Different interferometric configurations that have been used as optical gates (a) MZ, (b) TOAD, (c) NOLM, 
(d) MI, (e) DISC or (f) UNI and (g) push-pull [74].
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when light of two or more unlike wavelengths is launched in a fiber, offering ascend 
to another wave. When two pump photons are formed, two photons are created: the 
first one at the signal frequency, the other one at a complementary frequency called 
idler as shown in Figure 9 [96, 97]. A schematic of the FWM process, that takes 
place in nonlinear media, is shown in Figure 10. The beating of two distinctive 
frequency waves modulates the medium’s polarization and generates a grating. The 
input wave interaction with the gratings leads to new components of the frequency. 
The cause of FWM in SOAs [98–102], is linked to interband and intraband carrier 
dynamics, while in passive devices and fibers it is because of the induced polariza-
tion of the medium under an electric field. The major disadvantage of FWM is its 
low efficiency, which results in low power FWM products. The main parameter 
that affects both the efficiency and optical signal-to-noise ratio (OSNR) is the 
unsaturated gain [68, 103], which can be enhanced by utilizing either longer SOAs, 
with a smaller active layer [104] or different structures such as multiquantum well 
devices [103]. The use of an assisted beam has been suggested for the enhancement 
of the FWM efficiency in [105, 106].

Another disadvantage is that FWM is normally polarization sensitive. The 
problem has been tackled by using dual-pump configurations [107, 108]. In [109] a 
80 nm conversion bandwidth was achieved by dual pump configuration at 2.5 Gb/s. 
In [110] an almost constant efficiency (<3 dB variation) over a 36 nm wavelength 
conversion of a 10 Gb/s channel, was achieved.

Due to the nature of the nonlinearities, four wave mixing is very fast. In [111] a 
multiplexed channel of 100 Gb/s was converted over a range of 3.2 nm by a 2 mm 
SOA. In addition to converting high bit rate pulses [112–114], the method has been 
utilized to convert modulation formats [115, 116]. Very fast FWM conversion has 
been applied as in the demonstration of a 6.3 GHz clock extraction from a 400 
Gb/s signal [117], 100 to 10 Gb/s demultipler based on photonic downconver-
sion for a stable add/drop operation [118]. Regenerative properties of wavelength 
converters based on FWM in a semiconductor optical amplifier have also been 
demonstrated in [119].

Figure 9. 
FWM effect in the spectral domain after the propagation of the signal and the two pumps in DSF fiber [27].

Figure 10. 
Mixing of a control and input signal for a four-wave mixing based gate [27].
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Another advantage of FWM is that it supports the simultaneous conversion of 
multiple wavelengths. This has been demonstrated in [48] where 26 WDM channels 
were simultaneously converted in a highly nonlinear, specially designed fiber. In 
[101, 120] multichannel SOA based FWM is investigated. In [65, 121] it has been 
used for multicasting. In a highly nonlinear fiber for FWM was used to demonstrate 
simultaneous conversion of 200 Gb/s [122] and 32 × 10 Gb/s channels [123].

FWM is a very promising technique, but due to the complexity of the configura-
tion for polarization insensitive operation or wide tunability it will probably be used 
only for converters operating at 100 Gb/s and beyond.

7. All optical signal processing functionalities survey

Many efforts have been put in the past years to design and implement the entire 
collection of subsystems required for enabling high speed all-optical routing and 
switching by all-optical signal processing exploiting a variety of nonlinear media 
[124]. Significant examples are, format conversion by cross phase modulation at 
40 Gb/s based on single SOAs [125] and 160 Gb/s all-optical OOK to DPSK format 
converter based on HNLF [126]. Both the schemes require high input power, i.e. high 
clock power in the first case and high input power, 20 dBm for the HNLF, making their 
operation expensive in terms of energy consumption. Coupling loss of 8 dB between 
the lensed fiber and the waveguide is reported in [127], as reverse biased silicon-on-
isolator p-i-n rib waveguides is wavelength converted via FWM. In [128], demonstra-
tion of FC NRZ-DPSK-to-RZ-DPSK, NRZ-DPSK-to-RZ-DPSK and NRZ-to-RZ in a 
PPLN waveguide by using SHG/DFG, while all-optical wavelength MC based on com-
bination of XGM and XPM in a QD-SOA is presented in [129]. Here the detrimental 
effect of FWM coherent cross talk on the conversion is identified as the major draw-
back, responsible for degradation when using four equally spaced channels. Recently, 
T-H Cheng et al. demonstrated the multicasting in a HNLF loop mirror using FWM at 
10 Gbit/s, but using three-pump lasers. In [130], demonstration of Grooming Switch 
for an OTDM Meshed Networking was reported, however OTDM-to-WDM would 
need thermally stabilized packaging and the light-paths in the WDM-to-OTDM must 
preferably be made of waveguides rather than fiber. Each of the demonstration could 
not support simultaneous MC, FC and WC of multiple modulation format signals to 
groom OTDM signals in a gridless elastic communication [7]. Table 2 summarizes the 
devices used in all optical processing functionalities to date.

The suitability of optical wavelength converters for future networks will be 
judged on specific criteria that these must fulfill [56, 60]. In particular, modules will 
ideally have to simultaneously present the following characteristics: compactness 
(can be integrated in a single substrate with the other switch modules), operation 
at low optical/electrical powers with high dynamic range, polarization insensitiv-
ity, complete transparency to bit-rate (>100 Gb/s) and format or easily adjustable, 
induce minimal transmission power penalty (small chirp, amplitude distortion and 
extinction ratio reduction, and large OSNR) to a signal and thus can be cascaded, 
provision of amplification and (ideally) regeneration and wide conversion band-
width (tunability) without the need of filtering.

The fundamental idea, common for all technologies discussed here, is the exploi-
tation of the physical properties of a nonlinear element to perform optical processing. 
The main nonlinear elements are: SOA-MZI, PPLN and HNLF. SOA based devices 
have the added advantages of compactness and low energy requirements to trigger 
nonlinearities. Fibers have an instantaneous response to pulses but on the other hand 
have limited nonlinearity, even in specially designed photonic crystal fibers, hence 
long lengths and high injected powers are required for efficient operation [74].
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8. Conclusion

Exploring methods for the processing of signals in the optical domain, the 
chapter includes the solutions for the efficient transport of heterogeneous traffic by 
enhancing the flexibility of the optical layer in allocating network resources as well 
as for the implementation of an adaptable infrastructure that provides on-demand 
functionality according to traffic requirements. Further provides a comprehensive 
review of the state-of-the art of optical signal processing technologies and devices. 
It presents breakthrough solutions for enabling a pervasive use of optical signal 
processing to overcome the capacity crunch in optical fiber applications. The 
chapter content ranges from the road map toward elastic optical networks, optical 
switching paradigms, need for elastic optical node and application that support 
gridless node in optical communication having the ability of repositioning signals in 
a fragmented spectrum by all-optical signal processing functionalities such as MC, 
spectrum defragmentation, FC, WC and grooming of high speed signals in order to 
maintain a proficient resource utilization.

Reference Device Reference Device

[131] SOA [132] Adhered ridge waveguide

[133] PPLN [134] SOA-MZI

[135] Chalcogenide microstructured fiber [136] HNLF

[31] Silicon nanowaveguides [137] ENZ

Table 2. 
Major technologies devices for all-optical processing reported to date.



Optical Fiber Applications

78

Author details

Muhammad Irfan Anis
Iqra University, Karachi, Pakistan

*Address all correspondence to: mirfananis@iqra.edu.pk

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



79

All Optical Signal Processing Technologies in Optical Fiber Communication
DOI: http://dx.doi.org/10.5772/intechopen.88354

References

[1] Yan L, Willner AE, Wu X, Yi A, 
Bogoni A, Chen Z-Y, et al. All-optical 
signal processing for ultrahigh 
speed optical systems and networks. 
Journal of Lightwave Technology. 
2012;30(24):3760-3770

[2] Willner AE, Fallahpour A, Alishahi 
F, Cao Y, Mohajerin-Ariaei A, Almaiman 
A, et al. All-optical signal processing 
techniques for flexible networks. 
Journal of Lightwave Technology. 
2018;37(1):21-35

[3] Ji Y, Zhang J, Zhao Y, Yu X, Zhang J, 
Chen X. Prospects and research issues in 
multi-dimensional all optical networks. 
Science China Information Sciences. 
2016;59(10):101301

[4] Willner AE, Khaleghi S, Chitgarha 
MR, Yilmaz OF. All-optical signal 
processing. Journal of Lightwave 
Technology. 2013;32(4):660-680

[5] Zhong K, Zhou X, Huo J, Yu C, 
Lu C, Lau APT. Digital signal 
processing for short-reach optical 
communications: A review of current 
technologies and future trends. 
Journal of Lightwave Technology. 
2018;36(2):377-400

[6] Amaya N, Zervas GS, Rofoee BR, 
Irfan M, Qin Y, Simeonidou D. Field 
trial of a 1.5 Tb/s adaptive and gridless 
OXC supporting elastic 1000-fold all-
optical bandwidth granularity. Optics 
Express. 2011;19(26):B235-B241

[7] Anis MI, Amaya N, Zervas 
G, Pinna S, Scaffardi M, Fresi F, 
et al. Field trial demonstration of 
spectrum defragmentation and 
grooming in elastic optical node. 
Journal of Lightwave Technology. 
2013;31(12):1845-1855

[8] Jinno M, Takara H, Kozicki B, 
Tsukishima Y, Sone Y, Matsuoka 
S. Spectrum-efficient and scalable 

elastic optical path network: 
architecture, benefits, and enabling 
technologies. IEEE communications 
magazine. 2009;47(11):66-73

[9] Jensen R, Lord A, Parsons N. 
Colourless, directionless,contentionless 
ROADM architecture using low-loss 
opticalmatrix switches. In: Proc. 
European Conf. Optical Communi-
cation (ECOC), Torino, Italy, Paper 
Mo.2.D.2. 2010. pp. 1-3

[10] Wen K, Yin Y, Geisler DJ, Chang 
S, Yoo SJB. Dynamic on-demand 
lightpath provisioning using spectral 
defragmentation in flexible bandwidth 
networks. In: European Conference and 
Exposition on Optical Communications. 
Geneva, Switzerland: Optical Society of 
America; 2011. p. Mo-2

[11] Alabarce MG. Politecnico di Torino. 
2013. Available: https://iris.polito.it/
retrieve/handle/11583/2506247/59343/
phd_thesis_Garrich.pdf

[12] Winzer PJ et al. Generation and 
1,200-km transmission of 448-Gb/s 
ETDM 56-Gbaud PDM 16-QAM using 
a single I/Q modulator. In: 2010 36th 
European Conference and Exhibition 
on Optical Communication (ECOC), 
Torino, Italy, Paper PDP2. 2. 2010. 
pp. 1-3

[13] Chandrasekhar S, Liu X, Zhu 
B, Peckham DW. Transmission of a 
1.2-Tb/s 24-carrier no-guard-interval 
coherent OFDM superchannel over 
7200-km of ultra-large-area fiber. In: 
Proceedings of European Conference 
on Optical Communication (ECOC), 
Vienna, Austria, Paper PD2.6. 2009. 
pp. 1-3

[14] Hillerkuss D, Schellinger T, 
Schmogrow R, Winter M, Vallaitis T, 
Bonk R, et al. Single source optical 
OFDM transmitter and optical FFT 
receiver demonstrated at line rates of 



Optical Fiber Applications

80

5.4 and 10.8 Tbit/s. In: Optical Fiber 
Communication Conference; San Diego, 
CA. Optical Society of America; 2010. 
p. PDPC1

[15] Yu J, Dong Z, Chi N. Generation, 
transmission and coherent detection of 
11.2 Tb/s (112 × 100 Gb/s) single source 
optical OFDM superchannel. In: Optical 
Fiber Communication Conference; 
Los Angeles, CA. Optical Society of 
America; 2011. p. PDPA6

[16] Huang Y-K, Ip E, Xia TJ, 
Wellbrock GA, Huang M-F, Aono Y, 
et al. Mixed line-rate transmission 
(112-Gb/s, 450-Gb/s, and 1.15-Tb/s) 
over 3560 km of field-installed fiber 
with filterless coherent receiver. 
Journal of Lightwave Technology. 
2011;30(4):609-617

[17] Eiselt M, Teipen B, Grobe K, 
Elbers J-P. WDM transport towards 
Terabits/s line rates—What will be 
gained? In: Photonic Networks, 12. ITG 
Symposium. Leipzig, Germany: VDE; 
2011. pp. 1-6

[18] Kakande J, Slavík R, Parmigiani 
F, Petropoulos P, Richardson D. All-
optical processing of multi-level 
phase shift keyed signals. In: Optical 
Fiber Communication Conference; 
Los Angeles, CA. Optical Society of 
America; 2012. p. OW1I-3

[19] Payne DN. The optical fibre 
Internet: Where next? In: ICTON’12. 
Coventry, UK: University of Warwick; 
2012

[20] Gringeri S, Basch B, Shukla V, 
Egorov R, Xia TJ. Flexible architectures 
for optical transport nodes and 
networks. IEEE Communications 
Magazine. 2010;48(7):40-50

[21] Angelou ITEPM. A survey of 
recent developments on flexible/elastic 
optical networking. In: ICTON’12. 
Coventry, United Kingdom: University 
of Warwick; 2012

[22] Miyamoto Y, Kawamura R. Space 
division multiplexing optical 
transmission technology to support 
the evolution of high-capacity optical 
transport networks. NTT Technical 
Review. 2017;15(6):1-7

[23] Essiambre RJ, Kramer G, Winzer 
PJ, Foschini GJ, Goebel B. Capacity 
limits of optical fiber networks. 
Journal of Lightwave Technology. 
2010;28(4):662-701

[24] Ip EJ, Mateo P, Huang E, Xu YK, 
Qian L, Bai D, et al. 100G and beyond 
transmission technologies for evolving 
optical networks and relevant physical-
layer issues. Proceedings of the IEEE. 
2012;100(5):1065-1078

[25] Jinno M, Takara H, Sone Y, 
Yonenaga K, Hirano A. Elastic optical 
path network architecture: Framework 
for spectrally-efficient and scalable 
future optical networks. IEICE 
Transactions on Communications. 
2012;95(3):706-713

[26] Jinno M, Takara H, Yonenaga 
K. Why do we need elastic optical 
path networking in the 1 Tb/s era? In: 
Conference on Lasers and Electro-
Optics/Pacific Rim; Sydney, Australia. 
Optical Society of America; 2011. p. C74

[27] Anis MI. An experimental 
investigation of all-optical signal 
processing techniques for application 
in elastic optical networking [PhD]. 
UK: School of Computer Science and 
Electronic Engineering, University of 
Essex; 2014

[28] De Leenheer M, Develder C, Buysse 
J, Dhoedt B, Demeester P. Performance 
analysis and dimensioning of 
multi-granular optical networks. 
Optical Switching and Networking. 
2009;6(2):88-98

[29] Mahony MO, Politi C, Hill 
G. Roadmap on optical transport 
network technologies. In: 2008 10th 



81

All Optical Signal Processing Technologies in Optical Fiber Communication
DOI: http://dx.doi.org/10.5772/intechopen.88354

Anniversary International Conference 
on Transparent Optical Networks, 
Athens, Greece. Vol. 1. IEEE; 2008. 
pp. 165-168

[30] Guide P.  WaveShaper—Family 
of Programmable Optical Processors. 
Available from: https://webcache.
googleusercontent.com/search?q=cache:
tFoPyk7UtlYJ:https://www.digikey.com/
Site/Global/Layouts/DownloadPdf.ashx
%3FpdfUrl%3DE470BF5108FB43B9A01
1925D65AB41DD+&cd=1&hl=en&ct=cl
nk&gl=pk&client=firefox-b-d

[31] Wang Z, Liu H, Sun Q , Huang 
N, Han J. All-optical wavelength 
conversion based on four-wave mixing 
in dispersion-engineered silicon 
nanowaveguides. Journal of Russian 
Laser Research. 2017;38(2):204-210

[32] Moralis-Pegios M, Terzenidis N, 
Mourgias-Alexandris G, Vyrsokinos 
K, Pleros N. A 1024-port optical uni-
and multicast packet switch fabric. 
Journal of Lightwave Technology. 
2019;37(4):1415-1423

[33] Raja A, Mukherjee K, Roy J, Maji 
K. Analysis of polarization encoded 
optical switch implementing cross 
polarization modulation effect in 
semiconductor optical amplifier. Probe. 
2019;5(1):1-5

[34] Barral D, Bencheikh K, Olver PJ, 
Belabas N, Levenson JA. Symmetry-
based analytical solutions to the χ(2) 
nonlinear directional coupler. arXiv 
preprint arXiv:1901.04897. 2019

[35] Ma Y, Sikdar D, Fedosyuk A, 
Velleman L, Zhao M, Tang L, et al. 
An auxetic thermo-responsive 
nanoplasmonic optical switch. ACS 
Applied Materials & Interfaces. 
2019;11:22754-22760

[36] Sun Q , Sun DG. Investigation 
for the thermal conduction of silicon 
oxide waveguide optical switch. In: 
2018 IEEE International Conference 

on Manipulation, Manufacturing 
and Measurement on the Nanoscale 
(3M-NANO), Hangzhou, China. IEEE; 
2018. pp. 159-162

[37] Kwon K, Seok TJ, Henriksson J, 
Luo J, Ochikubo L, Jacobs J, et al. 128× 
128 silicon photonic MEMS switch 
with scalable row/column addressing. 
In: CLEO: Science and Innovations; 
San Jose, CA, USA. Optical Society of 
America; 2018. p. SF1A-4

[38] Nashimoto K, Kudzuma D, Han H.  
High-speed switching and filtering 
using PLZT waveguide devices. In: 
OECC 2010 Technical Digest, Sapporo, 
Japan. IEEE; 2010. pp. 540-542

[39] Wu MC, Solgaard O, Ford JE.  
Optical MEMS for lightwave 
communication. Journal of Lightwave 
Technology. 2007;24(12):4433-4454

[40] Bitting M. New optical switches 
enable automated testing with 
true flexibility. In: Proceedings 
AUTOTESTCON 2004, San Antonio, 
TX, USA. IEEE; 2004. pp. 361-366

[41] Amaya N, Zervas GS, Simeonidou 
D. Optical node architectures for elastic 
networks: From static to architecture 
on demand. In: 2012 14th International 
Conference on Transparent Optical 
Networks (ICTON), Coventry, United 
Kingdom. IEEE; 2012. pp. 1-4

[42] Li Z, Yu X, Xie S, Wang Y, Wang 
Y, Zhao Y, et al. Module selection 
algorithm based on WSS/SSS-hybrid 
AoD node in dynamic elastic optical 
networks. In: International Conference 
on Communications and Networking 
in China. Cham: Springer; 2018. 
pp. 194-203

[43] Amaya N, Zervas GS, Simeonidou 
D. Architecture on demand for 
transparent optical networks. In: 
2011 13th International Conference 
on Transparent Optical Networks, 
Stockholm, Sweden. IEEE; 2011. pp. 1-4



Optical Fiber Applications

82

[44] Simeonidou D, Amaya N, Zervas 
G. Infrastructure and architectures on 
demand for flexible and elastic optical 
networks. In: European Conference and 
Exhibition on Optical Communication; 
Amsterdam, Netherland. Optical 
Society of America; 2012. p. Tu-3

[45] Anis MI, Amaya N, Zervas GS, 
Nejabati R, Simeonidou D, Scaffardi M, 
et al. Defragmentation and grooming 
on 85.4 Gb/s by simultaneous format 
and wavelength conversion in an 
integrated quad SOA-MZI. In: 2012 
16th International Conference on 
Optical Network Design and Modelling 
(ONDM). Colchester, UK: IEEE; 2012. 
pp. 1-6

[46] Amaya N, Irfan M, Zervas G, Banias 
K, Garrich M, Henning I, et al. Gridless 
optical networking field trial: Flexible 
spectrum switching, defragmentation 
and transport of 10G/40G/100G/555G 
over 620-km field fiber. Optics express. 
2011;19(26):B277-B282

[47] Amaya N, Zervas G, Irfan M, Zhou 
Y, Lord A, Simeonidou D. Experimental 
demonstration of gridless spectrum and 
time optical switching. Optics Express. 
2011;19(12):11182-11188

[48] Wada N, Furukawa H. Evolution of 
dynamic optical networks. In: Presented 
at the 16th International Conference on 
Optical Network Design and Modelling 
(ONDM); Colchester, UK. 2012

[49] Bondarczuk K. All-optical 
processing for terabit/s wavelength 
division multiplexed systems using two-
photon absorption in a semiconductor 
micro-cavity [doctor of philosophy]. 
School of Electronic Engineering 
Dublin City University; 2009. Available 
from: http://doras.dcu.ie/3621/2/
Thesis_KBondarczuk_3_copyright_
clear.pdf

[50] Aso O, Arai S, Yagi T, Tadakuma 
M, Suzuki Y, Namiki S. Broadband 
four-wave mixing generation in short 

optical fibres. Electronics Letters. 
2002;36(8):709-711

[51] Tzanakaki A. Tunable wavelength 
conversion in optical networks [PhD]. 
United Kingdom: University of Essex; 
2000

[52] Jun S, Park K, Kim H, Chung H, Lee 
J, Chung Y. Passive Optical NRZ to-RZ 
Converter. Vol. 2. Los Angeles, CA: 
IEEE; 2004. p. 3

[53] Wei X, Leuthold J, Zhang L. Delay 
Interferometer-based Optical Pulse 
Generator. Vol. 1. Los Angeles, CA: 
IEEE; 2004. p. 773

[54] Mishina K, Maruta A, Mitani 
S, Miyahara T, Ishida K, Shimizu 
K, et al. NRZ-OOK-to-RZ-BPSK 
modulation-format conversion using 
SOA-MZI wavelength converter. 
Journal of Lightwave Technology. 
2006;24(10):3751-3758

[55] Rouskas GN. Optical layer 
multicast: rationale, building blocks, 
and challenges. Network, IEEE. 
2003;17(1):60-65

[56] Yan N, Teixeira A, Silveira T, 
Koonen T, Tafur Monroy I, Monteiro P, 
et al. Simultaneous multi-wavelength 
signal conversion for transparent optical 
multicast. In: European Conference 
on Networks Optical communications 
(NOC). 2005

[57] Mikkelsen B. Optical amplifiers 
and their system applications [PhD]. 
Electromagnetic Systems, Technical 
University of Denmark; 1994

[58] Stubkjaer KE. Semiconductor 
optical amplifier-based all-optical gates 
for high-speed optical processing. IEEE 
Journal of Selected Topics in Quantum 
Electronics. 2002;6(6):1428-1435

[59] White I, Penty R, Webster M, Chai 
YJ, Wonfor A, Shahkooh S. Wavelength 
switching components for future 



83

All Optical Signal Processing Technologies in Optical Fiber Communication
DOI: http://dx.doi.org/10.5772/intechopen.88354

photonic networks. Communications 
Magazine, IEEE. 2002;40(9):74-81

[60] Yoo SJB. Wavelength conversion 
technologies for WDM network 
applications. Journal of Lightwave 
Technology. 1996;14(6):955-966

[61] Durhuus T, Mikkelsen B, Joergensen 
C, Danielsen L, Stubkjaer KE. All-
optical wavelength conversion by 
semiconductor optical amplifiers. 
Journal of Lightwave Technology. 
1996;14(6):942-954

[62] Danielsen S, Joergensen C, Vaa M, 
Mikkelsen B, Stubkjaer K, Doussiere 
P, et al. Bit error rate assessment of 
40 Gbit/s all-optical polarisation 
independent wavelength converter. 
Electronics Letters. 2002;32(18):1688

[63] Leuthold J, Joyner C, Mikkelsen 
B, Raybon G, Pleumeekers J, Miller 
B, et al. 100 Gbit/s all-optical 
wavelength conversion with 
integrated SOA delayed-interference 
configuration. Electronics Letters. 
2002;36(13):1129-1130

[64] Nesset D, Kelly T, Marcenac D. All-
optical wavelength conversion using 
SOA nonlinearities. Communications 
Magazine, IEEE. 2002;36(12):56-61

[65] Norte D, Willner AE. All-
optical data format conversions and 
reconversions between the wavelength 
and time domains for dynamically 
reconfigurable WDM networks. 
Journal of Lightwave Technology. 
2002;14(6):1170-1182

[66] Xu L, Perros HG, Rouskas G.  
Techniques for optical packet 
switching and optical burst switching. 
Communications Magazine, IEEE. 
2002;39(1):136-142

[67] Park E, Norte D, Willner A. 
Simultaneous all-optical packet-header 
replacement and wavelength shifting 
for a dynamically-reconfigurable WDM 

network. Photonics Technology Letters, 
IEEE. 2002;7(7):810-812

[68] Pinto A. Optical networks: A 
practical perspective. Journal of Optical 
Networking. 2002;1(6):219-220

[69] Vlachos K, Raffaelli C, Aleksic 
S, Andriolli N, Apostolopoulos D, 
Avramopoulos H, et al. Photonics in 
switching: enabling technologies and 
subsystem design. Journal of Optical 
Networking. 2009;8(5):404-428

[70] Nakamura S, Ueno Y, Tajima K. 168-
Gb/s all-optical wavelength conversion 
with a symmetric-Mach-Zehnder-type 
switch. Photonics Technology Letters, 
IEEE. 2002;13(10):1091-1093

[71] Leuthold J, Raybon G, Su Y, 
Essiambre R, Cabot S, Jaques J, et al. 
40 Gbit/s transmission and cascaded 
all-optical wavelength conversion 
over 1000000 km. Electronics Letters. 
2002;38(16):890-892

[72] Pedersen R, Nissov N, Mikkelsen 
B, Poulsen H, Stubkjaer K, 
Gustavsson M, et al. Transmission 
through a cascade of 10 all-optical 
interferometric wavelength converter 
spans at 10 Gbit/s. Electronics Letters. 
2002;32(11):1034-1035

[73] Durhuus T, Joergensen C, Mikkelsen 
B, Pedersen R, Stubkjaer K. All optical 
wavelength conversion by SOA’s 
in a Mach-Zehnder configuration. 
Photonics Technology Letters, IEEE. 
2002;6(1):53-55

[74] Sokoloff J, Prucnal P, Glesk 
I, Kane M. A terahertz optical 
asymmetric demultiplexer (TOAD). 
Photonics Technology Letters, IEEE. 
2002;5(7):787-790

[75] Politi C, Matrakidis C, Stavdas A. 
Optical wavelength and waveband 
converters. In: 2006 International 
Conference on Transparent Optical 
Networks. Vol. 1. IEEE; 2006. pp. 179-182



Optical Fiber Applications

84

[76] Politi C, Matrakidis C, Stavdas A.  
Optical wavelength and waveband 
converters. In: 2006 International 
Conference on Transparent Optical 
Networks. Vol. 1. Nottingham, UK: 
IEEE; 2006

[77] Glesk I, Sokoloff J, Prucnal P.  
Demonstration of all-optical 
demultiplexing of TDM data at 
250 Gbit/s. Electronics Letters. 
2002;30(4):339-341

[78] Patel N, Rauschenbach K, Hall 
K. 40-Gb/s demultiplexing using an 
ultrafast nonlinear interferometer 
(UNI). Photonics Technology Letters, 
IEEE. 2002;8(12):1695-1697

[79] Theophilopoulos G, Kalyvas M, 
Bintjas C, Pleros N, Yiannopoulos K, 
Stavdas A, et al. Optically addressable 
2 x 2 exchange/bypass packet switch. 
IEEE Photonics Technology Letters. 
2002;14(7):998-1000

[80] Yiannopoulos K, Pleros N, Bintjas 
C, Kalyvas M, Theophilopoulos G, 
Avramopoulos H, et al. All-Optical 
Packet Clock Recovery Circuit. Vol. 2. 
Copenhagen, Denmark: IEEE; 2006. 
pp. 1-2

[81] Wang Q , Zhu G, Chen H, Jaques J, 
Leuthold J, Piccirilli AB, et al. Study of 
all-optical XOR using Mach-Zehnder 
interferometer and differential scheme. 
IEEE Journal of Quantum Electronics. 
2004;40(6):703-710

[82] Tajima K. All-optical switch with 
switch-off time unrestricted by carrier 
lifetime. Japanese Journal of Applied 
Physics. 1993;32:L1746-L1749

[83] Dutta AK, Dutta NK, Fujiwara M. 
WDM Technologies: Passive Optical 
Components. Vol. 1. San Diago, US: 
Academic Press; 2003

[84] Hess R, Duelk M, Vogt W, Gamper 
E, Gini E, Besse P, et al. Simultaneous 
all-optical add and drop multiplexing 

of 40 Gbit/s OTDM signals using 
monolithically integrated Mach-
Zehnder interferometer. Electronics 
Letters. 2002;34(6):579-580

[85] Fischer S, Dulk M, Gamper E, 
Vogt W, Hunziker W, Gini E, et al. 
All-optical regenerative OTDM 
add-drop multiplexing at 40 Gb/s 
using monolithic InP Mach-Zehnder 
interferometer. Photonics Technology 
Letters, IEEE. 2000;12(3):335-337

[86] Jepsen K, Clausen A, Mikkelsen 
B, Poulsen H, Stubkjaer K. Alloptical 
Network Interface for Bit 
Synchronisation and Regeneration. 
Vol. 5. Edinburgh, UK: IET; 2002. 
pp. 89-92

[87] Yu J, Zheng X, Peucheret C, Clausen 
AT, Poulsen HN, Jeppesen P. 40-Gb/s 
all-optical wavelength conversion based 
on a nonlinear optical loop mirror. 
Journal of Lightwave Technology. 
2002;18(7):1001-1006

[88] Blow K, Doran NJ, Nelson B. 
Demonstration of the nonlinear fibre 
loop mirror as an ultrafast all-optical 
demultiplexer. Electronics Letters. 
2008;26(14):962-964

[89] Yamamoto T, Yoshida E, Nakazawa 
M. Ultrafast nonlinear optical loop 
mirror for demultiplexing 640 Gbit/s 
TDM signals. Electronics Letters. 
2002;34(10):1013-1014

[90] Lucek J, Smith K. All-optical 
signal regenerator. Optics letters. 
1993;18(15):1226-1228

[91] Yu J, Zheng X, Liu F, Buxens A, 
Jeppesen P. Simultaneous realization 
wavelength conversion and signal 
regeneration using a nonlinear optical 
loop mirror. Optics Communications. 
2000;175(1-3):173-177

[92] Nakazawa M, Suzuki K, Yamada 
E. NOLM oscillator and its injection 
locking technique for timing clock 



85

All Optical Signal Processing Technologies in Optical Fiber Communication
DOI: http://dx.doi.org/10.5772/intechopen.88354

extraction and demultiplexing. 
Electronics Letters. 1996;32:1122

[93] Olsson BE, Ohlen P, Rau L, 
Blumenthal DJ. A simple and robust 
40-Gb/s wavelength converter using 
fiber cross-phase modulation and 
optical filtering. Photonics Technology 
Letters, IEEE. 2002;12(7):846-848

[94] Schubert C, Ludwig R, Watanabe 
S, Futami E, Schmidt C, Berger J, et al. 
160 Gbit/s wavelength converter with 
3R-regenerating capability. Electronics 
Letters. 2002;38(16):903-904

[95] Rau L, Wang W, Camatel S, 
Poulsen H, Blumenthal DJ. All-optical 
160-Gb/s phase reconstructing 
wavelength conversion using 
cross-phase modulation (XPM) in 
dispersion-shifted fiber. Photonics 
Technology Letters, IEEE. 
2004;16(11):2520-2522

[96] Galili M, Oxenløwe LK, Zibar D, 
Clausen A, Jeppesen P. 160 Gb/s Raman 
assisted SPM Wavelength converter. In: 
30th European Conference on Optical 
Communication. 2004

[97] Osamu ASO, Tadakuma M, Namiki 
S. Four-wave mixing in optical fibers 
and its applications. Furukawa Electric 
Review, Japan. 2000;105:46-51

[98] Haris M. Advanced modulation 
formats for high-bit-rate optical 
networks [doctor of philosophy]. 
Electrical and Computer Engineering, 
Georgia Institute of Technology; 2008

[99] Yamawaku J, Yamazaki E, 
Takada A, Morioka T. Field trial of 
virtual-grouped-wavelength-path 
switching with QPM-LN waveband 
converter and PLC matrix switch in 
JGN II test bed. Electronics Letters. 
2005;41(2):88-89

[100] Guekos G. Photonic Devices for 
Telecommunications. Germany, Berlin: 
Springer-Verlag; 1999. pp. 269-368

[101] Diez S, Schmidt C, Ludwig R, 
Weber HG, Obermann K, Kindt 
S, et al. Four-wave mixing in 
semiconductor optical amplifiers for 
frequency conversion and fast optical 
switching. IEEE Journal of Selected 
Topics in Quantum Electronics. 
2002;3(5):1131-1145

[102] Geraghty DF, Lee RB, Verdiell 
M, Ziari M, Mathur A, Vahala KJ. 
Wavelength conversion for WDM 
communication systems using four-
wave mixing in semiconductor optical 
amplifiers. IEEE Journal of Selected 
Topics in Quantum Electronics. 
2002;3(5):1146-1155

[103] Hsu A, Chuang S. Wavelength 
conversion by dual-pump four-wave 
mixing in an integrated laser modulator. 
Photonics Technology Letters, IEEE. 
2003;15(8):1120-1122

[104] D’ottavi A, Girardin F, Graziani 
L, Martelli F, Spano P, Mecozzi 
A, et al. Four-wave mixing in 
semiconductor optical amplifiers: 
A practical tool for wavelength 
conversion. IEEE Journal of Selected 
Topics in Quantum Electronics. 
2002;3(2):522-528

[105] Girardin F, Eckner J, Guekos 
G, Dall’Ara R, Mecozzi A, D’Ottavi 
A, et al. Low-noise and very high-
efficiency four-wave mixing in 
1.5-mm-long semiconductor optical 
amplifiers. Photonics Technology 
Letters, IEEE. 1997;9(6):746-748

[106] Lee SL, Gong PM, Yang CT. 
Performance enhancement on SOA-
based four-wave-mixing wavelength 
conversion using an assisted beam. 
Photonics Technology Letters, IEEE. 
2002;14(12):1713-1715

[107] Lee SL, Gong PM, Lin YM, Lee 
SSW, Yuang MC. High-efficiency 
wide-band SOA-based wavelength 
converters by using dual-pumped 
four-wave mixing and an assist beam. 



Optical Fiber Applications

86

Photonics Technology Letters, IEEE. 
2004;16(8):1903-1905

[108] Hasegawa T, Inoue K, Oda K. 
Polarization independent frequency 
conversion by fiber four-wave mixing 
with a polarization diversity technique. 
Photonics Technology Letters, IEEE. 
2002;5(8):947-949

[109] Morgan TJ, Tucker RS, Lacey 
JPR. All-optical wavelength 
translation over 80 nm at 2.5 
Gb/s using four-wave mixing in a 
semiconductor optical amplifier. 
Photonics Technology Letters, IEEE. 
2002;11(8):982-984

[110] Mak MWK, Tsang H, Chan K.  
Widely tunable polarization-
independent all-optical wavelength 
converter using a semiconductor optical 
amplifier. Photonics Technology Letters, 
IEEE. 2000;12(5):525-527

[111] Kelly A, Ellis A, Nesset D, 
Kashyap R, Moodie D. 100 Gbit/s 
wavelength conversion using FWM 
in an MQW semiconductor optical 
amplifier. Electronics Letters. 
2002;34(20):1955-1956

[112] Kelly A, Marcenac D, Nesset D. 
40 Gbit/s wavelength conversion over 
24.6 nm using FWM in a semiconductor 
optical amplifier with an optimised 
MQW active region. Electronics Letters. 
2002;33(25):2123-2124

[113] Ludwig R, Raybon G. BER 
measurements of frequency converted 
signals using four-wave mixing in a 
semiconductor laser amplifier at 1, 2.5, 
5 and 10 Gbit/s. Electronics Letters. 
2002;30(4):338-339

[114] Arahira S, Ogawa Y. 160-Gb/s 
all-optical encoding experiments by 
four-wave mixing in a gain-clamped 
SOA with assist-light injection. 
Photonics Technology Letters, IEEE. 
2004;16(2):653-655

[115] Li Z, Dong Y, Mo J, Wang Y, Lu 
C. Cascaded all-optical wavelength 
conversion for RZ-DPSK signal based 
on four-wave mixing in semiconductor 
optical amplifier. Photonics Technology 
Letters, IEEE. 2004;16(7):1685-1687

[116] Chan K, Chan CK, Chen LK, Tong 
F. Demonstration of 20-Gb/s all-
optical XOR gate by four-wave mixing 
in semiconductor optical amplifier 
with RZ-DPSK modulated inputs. 
Photonics Technology Letters, IEEE. 
2004;16(3):897-899

[117] Kamatani O, Kawanishi S. 
Prescaled timing extraction from 
400 Gb/s optical signal using a 
phase lock loop based on four-wave-
mixing in a laser diode amplifier. 
Photonics Technology Letters, IEEE. 
2002;8(8):1094-1096

[118] Kamatani O, Katagiri Y, Kawanishi 
S. 100-Gbit/s optical TDM add/
drop multiplexer based on photonic 
downconversion and four-wave mixing. 
In: Optical Fiber Communication 
Conference and Exhibit, 1998. OFC’98., 
Technical Digest. San Jose, CA: IEEE; 
1998. pp. 112-113

[119] Simos H, Argyris A, Kanakidis 
D, Roditi E, Ikiades A, Syvridis D. 
Regenerative properties of wavelength 
converters based on FWM in a 
semiconductor optical amplifier. 
Photonics Technology Letters, IEEE. 
2003;15(4):566-568

[120] Lacey J, Madden S, Summerfield 
M. Four-channel polarization-
insensitive optically transparent 
wavelength converter. Photonics 
Technology Letters, IEEE. 
2002;9(10):1355-1357

[121] Contestabile G, Presi M, Ciaramella 
E. Multiple wavelength conversion 
for WDM multicasting by FWM in an 
SOA. Photonics Technology Letters, 
IEEE. 2004;16(7):1775-1777



87

All Optical Signal Processing Technologies in Optical Fiber Communication
DOI: http://dx.doi.org/10.5772/intechopen.88354

[122] Watanabe S, Takeda S, Ishikawa G, 
Ooi H, Nielsen J, Sonne C. Simultaneous 
Wavelength Conversion and Optical 
Phase Conjugation of 200 Gb/s (5× 
40 Gb/s) WDM Signal Using a Highly 
Nonlinear Fiber Four-wave Mixer. Vol. 5. 
Edinburgh, UK: IET; 2002. pp. 1-4

[123] Watanabe S, Takeda S, Chikama 
T. Interband Wavelength Conversion 
of 320 Gb/s (32× 10 Gb/s) WDM Signal 
Using a Polarization-insensitive Fiber 
Four-wave Mixer. Vol. 3. Madrid, Spain: 
IEEE; 1998. pp. 83-87

[124] Clausen HCHMAT, Palushani E, 
Galili M, Hu H, Ji H, Xu J, et al. Ultra-
high-speed optical signal processing 
of serial data signals. In: ICTON’12. 
Coventry, UK: University of Warwick; 
2012

[125] Jianji Dong XZ, Xu J, Huang D, 
Songnian F, ShumZhang P, X. 40 
Gb/s all-optical NRZ to RZ format 
conversion using single SOA assisted by 
optical bandpass filter. Optics Express. 
2007;15(6):2907-2914

[126] Schmidt-Langhorst C, Ludwig R, 
Galili M, Huettl B, Futami F, Watanabe 
S, et al. 160 Gbit/s all-optical OOK to 
DPSK in-line format conversion. In: 
Presented at the 2006 Eur. Conf. Opt. 
Commun., Cannes, France, Paper Th 
4.3.5. pp. 37-38

[127] Kuo YH, Rong H, Sih V, Xu S, 
Paniccia M, Cohen O. Demonstration 
of wavelength conversion at 40 Gb/s 
data rate in silicon waveguides. Optics 
Express. 2006;14(24):11721-11726

[128] Wang J, Sun J, Zhang X, Huang 
D, Fejer MM. All-optical format 
conversions using periodically poled 
lithium niobate waveguides. IEEE 
Journal of Quantum Electronics. 
2009;45(2):195-205

[129] Contestabile G, Maruta A, 
Sekiguchi S, Morito K, Sugawara M, 

Kitayama K. All-optical wavelength 
multicasting in a QD-SOA. IEEE 
Journal of Quantum Electronics. 
2011;47(4):541-547

[130] Zarris GH-S, Hugues-Salas 
E, Gonzalez NA, Weerasuriya R, 
Parmigiani F, Hillerkuss D, et al. 
Field experiments with a grooming 
switch for OTDM meshed networking. 
Journal of Lightwave Technology. 
2010;28(4):316-327

[131] Akashi Y, Matsui SE, Isawa 
S, Matsushita A, Matsumoto A, 
Matsushima Y, et al. Demonstration 
of all-optical logic gate device using 
MQW-SOA and 10 Gbps XNOR 
operation. Physica Status Solidi (a). 
2019;216(1):1800529

[132] Sheng Y, Chen X, Krolikowski 
W. Direct femtosecond laser writing 
of nonlinear photonic crystals. In: 
Advances in Optics: Reviews, Book 
Series. Vol. 2. Canberra, Australia: 
International Frequency Sensor 
Association (IFSA); 2018

[133] Alishahi F, Fallahpour A, Zou 
K, Cao Y, Kordts A, Karpov M, et al. 
Experimental generation and time 
multiplexing of data-carrying nyquist 
sinc shaped channels from a single 
microresonator-based Kerr frequency 
comb. In: Optical Fiber Communication 
Conference. San Diego, CA: Optical 
Society of America; 2019. p. W3I.2

[134] Kaur S, Goyal R. All-optical 
decoder/demultiplexer with 
enable using SOA based Mach-
Zehnderinterferometers. In: 2019 6th 
International Conference on Signal 
Processing and Integrated Networks 
(SPIN). Noida, India: IEEE; 2019. 
pp. 780-784

[135] Choudhary A, Liu Y, Vu K, Ma 
P, Madden S, Marpaung D, et al. 
Narrowband gain in chalcogenide 
waveguides for low-power RF 



Optical Fiber Applications

88

delay lines. In: Fiber Lasers and 
Glass Photonics: Materials through 
Applications. Vol. 10683. Strasbourg, 
France: International Society for Optics 
and Photonics; 2018. p. 1068308

[136] Li S, Koch J, Pachnicke S. Optical 
signal processing in the discrete 
nonlinear frequency domain. In: 
2018 Optical Fiber Communications 
Conference and Exposition (OFC). San 
Diego, CA: IEEE; 2018. pp. 1-3

[137] Huang T, Wu Y, Xie Y, Cheng Z. A 
slot-waveguide-based polarization 
beam splitter assisted by epsilon-
near-zero material. Photonics and 
Nanostructures-Fundamentals and 
Applications. 2019;33:42-47



Chapter 5

Optical Fibers Profiling Using
Interferometric and Digital
Holographic Methods
Hamdy Wahba, Wael Ramadan and Ahmed El-Tawargy

Abstract

Optical fibers are extensively used in modern technology such as sensing, short-
distance and long-distance telecommunications. This motivated many researchers
to present different methods in order to characterize optical fibers and determine
their refractive index profiles. In addition, variation of refractive index profiles of
optical fibers suffering mechanical stresses or other external effects reflects good
information about the internal structure of these fibers and how they are
responding to these external effects. Optical interferometry and digital holography
methods are accurate and effective tools used to achieve this task. In this chapter,
we illustrate the application of different types of optical interference on conven-
tional, polarizing maintaining and thick optical fibers. Also, we illustrate some
mathematical interpretations (and recently automatic analyzing of interference
patterns) that have been used to reconstruct the accurate refractive index profiles of
optical fibers. Some experimental interferograms and refractive index profiles are
demonstrated as well.

Keywords: optical fiber, optical interferometry, refractive index profile,
interferogram analyses, digital holography

1. Introduction

1.1 Optical fibers

An optical fiber is an extended cylindrical optical waveguide. In its simplest
form, it consists of a core having a certain refractive index nc and is surrounded by
a clad (sometimes called skin) of refractive index ncl (or ns). An optical fiber is used
to guide light through its core, from one end to another, based on the principle of
total internal reflection which mandates that nc must be always higher than ncl.
Basically, optical fibers are made of highly pure silica glass doped with some
impurities in order to increase nc or decrease ncl [1–3]. Recently, polymeric optical
fibers got more attention as alternatives of some glass based optical fibers [1, 4].

Optical fibers are involved in many technological applications such as telecom-
munications, sensing [4, 5]; fiber lasers and fiber amplifiers [6]; fiber gratings
which can act as mirrors [7, 8]; mode converters [9]; modulators; and couplers
and switches [10, 11]. Optical fibers are considered ideal optical transmission media
since communication cables hundreds of kilometers in length can be obtained with
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low absorption and low loss due to the purity and cross-sectional uniformity of
the manufactured optical fibers. Moreover, accurate tuning of the refractive
indices of both core and clad guarantee extremely low scattering loss at the
interfaces [1].

1.2 Types of optical fibers

The commonly known optical fibers are step index and graded index (GR-IN)
optical fibers. The former means that the core’s refractive index is homogeneous
while it suffers an abrupt change at the boundary with the clad. For a GR-IN optical
fiber, the core does not have a constant value of refractive index but it rather has a
radial distribution of refractive index. These two types of optical fibers can be
classified into either single-mode or multi-mode optical fibers. Single-mode optical
fiber only sustains one mode of propagation while the multi-mode optical fiber can
sustain up to hundreds of propagation modes [1, 3]. The number of the propagation
modes is related to the numerical aperture of the fiber, which, in turn, depends on
the refractive indices of both core and clad.

1.3 Characterization of optical fibers

Accurate characterization of optical fibers is required in order to know about
their functions and performances. There are many methods of optical fibers
characterization such as optical microscopy, electron microscopy, X-ray
spectrometry, infrared spectroscopy, light diffraction, light scattering, optical
interferometry, and digital holography [1, 3, 12–29]. Optical interferometry is an
effective accurate tool for studying and characterizing optical fibers. It depends
on the determination of the phase difference between a ray of light transmitting
the fiber’s cross-section and a reference ray reaching the interference plane
directly without crossing the fiber. This phase shift can be transformed into a
refractive index map representing the radial distribution of the refractive index
across the fiber or, in other words, the refractive index profile (RIP). Interferome-
try can detect tiny changes in refractive index if an external effect is applied on
the fiber. The change of refractive index can be in situ detected if the
interferometer is developed to achieve this task. Interference patterns can be
digitally processed and analyzed in order to increase the accuracy of the obtained
results [1, 17, 22, 26, 27, 30–35].

Interference techniques can be classified into either two-beam interferometers
such as Michelson, Mach-Zehnder, Pluta polarizing microscope, Lioyd’s mirror,
etc., or multiple-beam interferometers such as Fabry-Pérot and Fizeau interferom-
eters [1, 3, 25, 36–39]. A two-beam interferometer produces a pattern of alternate
bright and dark fringes of equal thicknesses when two beams, usually, of equal
intensities Io suffering a relative phase difference δ are superposed. The resultant
intensity distribution I of the interference pattern is given as:

I ¼ Io cos 2
δ

2

� �
(1)

Multiple-beam interference takes place when light rays fall on two parallel
optical plates enclosing a small distance between each other while their inner sur-
faces are highly reflecting and partially transparent. The intensities of both reflected,
I(r), and transmitted, I(t), light distributions that are redistributed due to the
multiple-beam interference are given as [40]
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I rð Þ ¼ 2� 2 cos δð ÞR
1þ R2 � 2R cos δ

I ið Þ (2)

I tð Þ ¼ T2

1þ R2 � 2R cos δ
I ið Þ (3)

where, I(i) is the intensity of the incident light,T and R are the products of the
transmission and reflection coefficients of the two surfaces, respectively, while δ is
the phase difference between any two consecutive interfered rays.

On the other hand, holography was firstly presented by Gabor in 1947 as a lens-
less process for image formation by reconstruction of wave-fronts [41–43]. It offers
3D characterization such as the depth of field from recording and reconstructing the
whole optical wave field, intensity, and phase [41, 42]. Holographic interferometry
is a non-destructive, contactless tool that can be used for measuring shapes, defor-
mations and refractive index distributions [44, 45]. The modern digital holography
was introduced in 1994 [46–48]. Moreover, the phase shifting interferometric (PSI)
technique was introduced by Hariharan et al. as an accurate method for measuring
interference fringes in the real time [49]. Recently, digital holographic phase
shifting interferometry (DHPSI) was used to investigate some optical parameters of
fibrous materials [17, 18, 21, 26–29].

1.4 Digital holographic phase shifting interferometry (DHPSI)

In DHPSI, frequently a set of four [20] or five [23, 33] phase shifted holograms
with known mutual phase shifts starting with 00 and having 900 separations have to
be recorded [21]. These recorded holograms can be represented by:

In ¼ a ζ, ηð Þ þ b ζ, ηð Þ cos φ ζ, ηð Þ þ φRnð Þ, n ¼ 1, 2, 3, … (4)

where a(ζ, η) and b(ζ, η) are the additive and the multiplicative distortions and
φRn is the phase shift of the reference wave. In case of four and five phase shifted
holograms, the complex wavefield [37] in the hologram plane can be calculated
using Eqs. (5) and (6), respectively.

h ζ, ηð Þ ¼ I1 ζ, ηð Þ � I3 ζ, ηÞð � þ i I4 ζ, ηð Þ � I2 ζ, ηÞð �½½ (5)

or,

h ζ, ηð Þ ¼ 4I1 ζ, ηð Þ � I2 ζ, ηÞ � 6I3 ζ, ηÞ � I4 ζ, ηÞ þ 4I5 ζ, ηÞð � þ i 7 I4 ζ, ηð Þ � I2 ζ, ηÞÞð �ð½ððð½
(6)

In digital holography, the recorded wavefield is reconstructed, based on Fresnel
diffraction integral, by multiplying the stored hologram by the complex conjugate
of the reference wave r*(ζ, η) to calculate the diffraction field b’(x’, y’) in the image
plane, see Figure 1. This can be calculated using the finite discrete form of the
Fresnel approximation to the diffraction integral as:

b0 nΔx0,mΔy0ð Þ ¼ A
XN�1

j¼0

XM�1

l¼0

h jΔζ, lΔηð Þr ∗ jΔζ, lΔηð Þ

� exp
iπ
d0λ

j2Δζ2 þ l2Δη2
� �� �

exp 2iπ
jn
N

þ lm
M

� �� �
(7)
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The parameters used in this formula depend on the used CCD array of N � M
pixels and the pixel pitches Δζ and Δη. The distance between the hologram and the
image plane is denoted by d’. The pixel spacings in the reconstructed field of
image are:

Δx0 ¼ d0λ
NΔζ

and Δy0 ¼ d0λ
MΔη

(8)

The convolution of h(ζ, η)r*(ζ, η) can be used as alternative of Fresnel approx-
imation [37]. The resulting pixel spacing for this convolution approach is

Δx0 ¼ Δζ and Δy0 ¼ Δη (9)

In addition, the phase shifted holograms are used to overcome the problems of
the d.c. term and twin image, in which the calculated complex wavefield is used
instead of a real hologram in the convolution approach.

The intensity and phase distributions in the reconstruction plane are given by

I x0, y0ð Þ ¼ b0 x0, y0ð Þj j2 (10)

φ x0, y0ð Þ ¼ arctan
Im b0 x0, y0ð Þj j
Re b0 x0, y0ð Þj j

� �
(11)

So, the optical phase differences due to phase objects can be extracted.
Mach-Zehnder interference-like system is used as a digital holographic setup as

shown in Figure 2 [20, 23, 29, 33]. The optical waveguide sample, such as optical
fiber, is immersed in a liquid of refractive index nL near or matching the cladding
refractive index nclad of the sample. The interference patterns are recorded using a
charge-coupled device, that is, CCD camera.

In this chapter, we illustrate some featured work on interferometric characteri-
zation (sometimes, implying digital holographic interferometry) of different optical
fibers done by our research group during the last three decades. In Section 2,
interferometric characterization of conventional step-index and GR-IN optical
fibers is presented. Section 3 illustrates characterization of the conventional optical
fibers when they are suffering mechanical bending. In Section 4, interferometric
characterization of a special type of optical fibers called polarization maintaining
(PM) optical fibers is presented. In the last section, we elucidate thick optical

Figure 1.
Geometry of digital holographic axes and the planes systems.
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fibers and their interferometric characterization with a special interferometric
system, developed in our laboratory, called lens-fiber interferometry (LFI).

2. Conventional optical fibers

2.1 Step-index optical fiber

In 1994, Hamza et al. derived a mathematical expression to calculate the RIP of
an optical fiber by considering the refraction of optical rays at the liquid-clad and
clad-core interfaces, see Figure 3 [12]. It was the first time to consider the refraction
of the transmitted rays to reconstruct the RIP of a fiber. The derived expressions for
calculating the RIP in case of two-beam and multiple-beam interferences, based on
Figure 3, are given by Eqs. (12) and (13), respectively.

Z xð Þλ
h

¼ 2ns

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � nLd

ns

� �2
" #vuut

8<
: �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� eð Þ2 � nLd

ns

� �2
" #vuut

9=
;

þ 2nc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� eð Þ2 � nLd

nc

� �2
" #vuut � nL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � d2
� �q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � x2
� �q� �

0≤ d<R

(12)

Z xð Þλ
2h

¼ 2ns

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � nLd

ns

� �2
" #vuut

8<
: �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� eð Þ2 � nLd

ns

� �2
" #vuut

9=
;

þ 2nc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R� eð Þ2 � nLd

nc

� �2
" #vuut � nL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � d2
� �q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � x2
� �q� �

0≤ d<R

(13)

Figure 2.
Mach-Zehnder digital holographic interferometric set-up, S F: spatial filter, L: collimating lens, BS: beam
splitter, M: mirror, and MO: microscopic objective.
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where, R is the fiber’s radius and e is the skin’s thickness. nL, ns, and nc are the
refractive indices of the immersion liquid, skin, and core, respectively. λ is the
wavelength of the used illuminating source. Ls and Lc are the geometrical path
lengths inside the skin and the core, respectively. Z is the fringe shift due to the
presence of the fiber while h is the interfringe spacing and d is the distance mea-
sured from the center of the fiber to the position of the incident ray.

In that work, they used Fizeau interferometer to determine the refractive index
profile of FOS Ge-doped step-index multi-mode optical fiber with a core radius
19.5 μm. The fiber was immersed in a liquid of refractive index nL = 1.4665, which
was a little bit greater than ns while the wavelength of the used illuminating source
was λ = 546.1 nm. The Fizeau interferogram of this fiber is shown in Figure 4a. The
obtained RIP was compared with the profile calculated for the same fiber when the
refraction of light through the fiber was neglected as was usually done by other
authors before this work. There was a significant difference between the two pro-
files, see Figure 4b. Therefore, the refraction through the fiber was recommended
to be considered for calculating RIPs particularly when the refractive index of the
immersion liquid is not close to the fiber’s refractive index.

In 2008, another mathematical model was derived in order to determine RIPs of
fibers having regular and/or irregular cross-sections [38]. This method was based

Figure 3.
An incident ray (object ray) is refracted due to a clad-core fiber causing a fringe shift Z when interferes with a
reference ray.
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on immersing the investigated fiber in two liquids with different, but so closed,
refractive indices. They applied this method on a single-mode optical fiber, having
a small core of radius <5 μm while the fiber’s radius was 60.6 μm, as shown by
Fizeau interferograms in Figure 5 when the fiber was immersed in two liquids with
refractive indices (a) 1.4589 and (b) 1.4574. The obtained RIP of this fiber is
illustrated in Figure 5c showing that this fiber has nc = 1.4630 and ncl = 1.4596. This
method was simple and accurate enough to detect such a small core of a step-index
optical fiber.

2.2 Graded-index (GR-IN) optical fiber

A GR-IN optical fiber with a radial refractive index distribution was suggested to
be divided into a finite number (M) of concentric layers where each layer has its
own value of refractive index, see Figure 6a. The thickness (a) of each layer equals
R/M, where R is the radius of the graded-index part. When the ray falls on the fiber
at a distance dQ apart from the fiber’s center, the ray refracts through Q layers. The
nearest layer to the fiber’s center has a refractive index nQ. The fiber’s RIP can be
calculated using Eq. (14) in case of two-beam interference and Eq. (15) in case of
multiple-beam interference [13]. Another model was presented in order to get RIP
of a GR-IN optical fiber by considering the real path of the optical ray due to the

Figure 4.
(a) An interference pattern of Fizeau fringes, in transmission, for a FOS step-index optical fiber. (b) RIPs of
this fiber in case of considering and neglecting the retraction of the crossing rays inside the fiber.
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refraction in the core region as well as adding a correction for the ray passing
through the immersion liquid [50], see Figure 6b. In this case, the fringe shift was
obtained by assuming values for both the profile shape parameter (α) and the
difference between refractive indices of core and clad (Δn). A prepared software
was programmed to iterate and get the best values of α and Δn and comapre the
calculated fringe shift with the experimentally obtained one.

Figure 6.
(a) A schematic diagram shows the path of an optical ray crossing Q layers in the core region. (b) A schematic
diagram shows the path of an optical ray crossing a GR-IN core optical fiber.

Figure 5.
Fizeau interferograms, in transmission, for a single-mode optical fiber when it was immersed in two liquids of
refractive indices (a) 1.4589, (b) 1.4574. (c) RIP of the single-mode optical fiber having the interferograms
shown in (a) and (b).
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According to Figure 6b, the optical pathlengths of the ray crossing the
core Ol Kð Þ and the ray passing only in the immersing liquid OlL are given by the
following relations.

Ol Kð Þ ¼ 2
ðR
K

n2 rð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 rð Þr2 � n2 Kð ÞK2

q dr (16)

OlL ¼ 2noR
sin εð Þ
sin γð Þ (17)

Figure 7.
(a) Pluta duplicated image of LDF GR-IN optical fiber and (b) Fizeau interferogram of the same sample.
Reference [50] with permission.

Figure 8.
A comparison between RIPs of LDF GR-IN optical fiber using the model in Ref. [27] (dots) and model in
Ref. [28] (solid curve) in case of (a) multiple-beam Fizeau interference and (b) two-beam Pluta interference.
Ref. [50] with permission.
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where, R is the core’s radius, k is the minimum distance between the fiber’s
center and the bent ray, ε is the half of the angle determined by the two radii that
are enclosing the bent ray inside the graded-index region, and γ is the half of the
angle between the incident and the emerged rays. Figure 7 shows the interfero-
grams of LDF GR-IN optical fiber when it was investigated by (a) Pluta and
(b) Fizeau interferometers. Figure 8 shows the RIPs calculated by these last models
for the LDF optical fiber. The last model, presented in 2001 [50], provided more
accurate values of the RIP of a GR-IN optical fiber compared with its previous
presented model in Ref. [13].

However, the former requires knowing the function describing the index profile
while the aim is to find the parameters of this function.

3. Bent conventional optical fibers

Optical fibers, which are isotropic materials, can suffer a birefringence under
external mechanical bending effects [1, 22, 33, 51]. The induced birefringence can
be used in sensing applications [52–54]. However, bending has an unfavorable
effect on the optical fibers used in telecommunications where it, sometimes, causes
a mode disturbance and consequently a signal attenuation [55, 56]. An approach to
calculate the refractive index profile of a bent optical fiber was proposed where the
fiber was divided into layers and slabs simultaneously [22]. The refraction of the
optical rays at the liquid-clad and clad-core interfaces was considered. Unfortu-
nately, this approach did not consider the change of refractive index inside each
slab. Also, the expected change of refractive index due to the release of stresses
near the fiber’s free surface has not been considered. However, this approach
succeeded to present good information about the variation of mode propagation
due to bending.

3.1 Step-index bent conventional optical fiber

In 2014, Ramadan et al. calculated the refractive index and the induced bire-
fringence profiles of bent step-index optical fibers using digital holographic
Mach-Zehnder interferometer [33]. In that work, they considered two different
processes controlling the variations of the refractive index of the bent fiber: (1) the
linear refractive index variation due to the applied stress along the bent radius and
(2) the release of this stress on the fiber’s surface. The first one is dominant when
approaching the center of the fiber while the second one is dominant near the fiber’s
free surface and decays on moving toward the fiber’s center. Figure 9 shows the
difference between the paths of optical rays through the bent fiber in the com-
pressed and expanded parts. The stress release was supposed to have a radial
dependence on the fiber’s radius, which enabled the construction of 2D RIP of the
investigated bent homogeneous optical fiber. Based on the expected stress values
due to the bending effect, a function describing the RIP was proposed and used to
integrate the optical path of the ray traversing the fiber [50]. By adapting the
appropriate parameters of this function, the optical phase differences were esti-
mated and matched those phase differences that were experimentally obtained. By
this assumption, a realistic induced stress profile due to bending was obtained [33].
DHPSI was used in that study where the recorded phase shifted holograms were
combined and processed to extract the phase map of the fiber [18]. By considering
both of the mentioned effects, the following function was chosen to describe the
RIP of the bent optical fiber [33].

98

Optical Fiber Applications



n x, rð Þ ¼ �ρnbf
x
R

1� e�
rQ�r
rsð Þh i

þ ncl (18)

where ρ is the strain-optic coefficient, nbf is the refractive index of the bent-free
fiber, R is the radius of bending, ro is the radius of the fiber, ncl is the clad’s
refractive index, rs is the proposed parameter to control the distance suffering stress
release from the surface of the fiber, and x is the distance between the center of
the fiber and the position of the incident ray.

The first term of Eq. (18) gives the bent-induced birefringence,

Δn x, rð Þ ¼ �ρnbf
x
R

1� e�
rQ�r
rsð Þh i

(19)

which is correlated to the generated stress S (r,x) inside the fiber

S r, xð Þ ¼ E
�Δn x, rð Þ

ρnbf

 !
¼ E

x
R

1� e�
rQ�r
rsð Þh i

(20)

Eq. (20) evaluates the distribution of stress over the fiber’s cross-section for
different bending radii where E is the Young’s modulus of the bent fiber. The signs
of Δn are opposite to the signs of tensile and compressive stresses. The tensile stress
was chosen to be positive.

Figure 9.
A schematic diagram shows the path of an optical ray crossing a bent homogeneous optical fiber.
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Since bending such a step-index optical fiber converts it into a weekly graded-
index fiber, Bouguer’s formula [40] was used to correlate the radius, incidence
angles, and refractive index of the bent fiber as follows:

Kn x,Kð Þ ¼ rn x, rð Þ sin θr (21)

where n(x,r) is the refractive index at radius r. By applying this formula at the
incidence point, one obtains

Kn x,Kð Þ ¼ ronL
x
ro

¼ xnL (22)

This equation was numerically solved to get K satisfying the lower integration
limit of the optical path difference for a certain value of x. Based on the model
described in Ref. [50], the infinitesimal change in the geometrical distance along the
path of the optical ray with respect to the radius variation was given as:

∂l
∂r

� �

n x,rð Þ
¼ 2n x, rð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 x, rð Þr2 � n2 x, kð Þk2
q (23)

By integration with respect to r, the total path length inside the fiber is:

l xð Þ ¼ 2
ðro
K

n x, rð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 x:rð Þr2 � nLxð Þ2

q dr (24)

The optical path length difference between this ray, passed through the fiber,
and the reference ray passed through the liquid is:

opld xð Þ ¼ 2
ðro
K

n x, rð Þ � nLð Þ � n x, rð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 x:rð Þr2 � nLxð Þ2

q dr (25)

The phase difference is given as:

ϕ xð Þ ¼ 2π
λ
opld xð Þ (26)

Figure 10 shows a set of five shifted holograms of a bent step-index optical fiber
with a bending radius R = 8 mmwhen the incident light was vibrating parallel to the
fiber’s axis. They were recorded in order to apply the DHPSI technique and recon-
struct the RIP of the bent fiber. The 2π shifted interferogram was analyzed and its
reconstructed interference phase map, enhanced phase map, and interference phase
distribution are shown in Figures 11a–c, respectively. The refractive index cross-
section distribution of the bent optical fiber is shown in Figure 12 while the strain-
optic coefficients in compression and expansion were 0.208 and 0.224, respectively.

3.2 Graded-index bent conventional optical fiber

In 2017, Ramadan et al. presented a theory to recover the RIP of a bent GR-IN
optical fiber inside the core region using DHPSI [35]. They assumed the two
different processes controlling the shape of the RIP: (1) the linear variation due to
stresses in the direction of the bent radius and (2) the release of the stresses near the
fiber’s surface.
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Figure 11.
(a) The reconstructed interference phase map modulo 2π, (b) its enhanced phase map, and (c) the interference
phase distribution.

Figure 12.
The refractive index cross-section distribution of the bent optical fiber, R = 8.

Figure 10.
A set of five shifted interferograms of a bent step-index optical fiber.
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The total optical path length of the optical ray crossing the bent GR-IN optical
fiber is given by Eq. (27), see Figure 13. The calculated optical path length differ-
ences of the interfered rays can be transformed, afterward, into a phase difference
map using Eq. (26).

OPlD dð Þ ¼ OPlDcl dð Þ þOPlDc dð Þ (27)

with,

OPlDcl dð Þ ¼ 2
ðrcl
rc

ncl d, rð Þ � nLð Þnd d, rð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ncl d, rð Þ2r2 � ncl d, kclð Þ2k2cl

q dr (28)

OPlDc dð Þ ¼ 2
ðrc
kc

nc d, rð Þ � nLð Þnc d, rð Þrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nc d, rð Þ2r2 � nc d, kcð Þ2k2c

q dr (29)

Figure 14a shows a set of five phase shifted interferograms for the bent GR-IN
optical fiber with bending radius R = 8 mm when the incident light was vibrating
parallel to the fier’s axis. The enhanced reconstructed phase modulo 2π and the
interference phase distribution of the bent fiber are shown in Figure 14b. Due to

Figure 13.
schematic diagram shows the ray tracing in case of traversing bent GR-IN fiber.

Figure 14.
(a) A set of five phase shifted interferograms of a bent GR-IN optical fiber. (b) The enhanced reconstructed
phase modulo 2π and the interference phase distribution. Ref. [35] with permission.
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the bending process, the GR-IN optical fiber exhibited a birefringence where the
RIPs when the incident light vibrated parallel and perpendicular to the fiber’s axis
were different, see Figure 15.

4. Polarization maintaining (PM) optical fibers

A PM fiber is any fiber that preserves and transmits the polarization state of the
light launched into the fiber even if this fiber is subjected to environmental

Figure 15.
Refractive index cross-section distribution of the bent GR-IN optical fiber when the incident light vibrates
(a) parallel and (b) perpendicular to the fiber’s axis. (c) The birefringence cross-section distribution,
R = 8 mm. Ref. [35] with permission.

Figure 16.
Manufacturing steps of a PANDA PM optical fiber.
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perturbations [57]. This advantage cannot be verified by conventional single-mode
optical fibers outside the laboratory conditions. A PM fiber is tailored to oblige the
two orthogonally polarized modes traveling with different velocities (i.e., different
propagation constants). This difference in velocities prevents the optical energy
from suffering a “cross-coupling” and preserves the polarization state of the trans-
mitted light. Therefore, a PM fiber used in any application requires delivering a
polarized light such as in telecommunications, medical applications, and sensing.

Figure 17.
The left column shows three orientations of PANDA PM optical fiber as it was rotated during the characterization
process where the slow axis makes an angle (a-i) 0°, (b-i) 45° and (c-i) 90° with the horizontal axis. The
middle column shows their reconstructed interference phase modulo 2π while the right column shows their phase
difference maps. Ref. [23] with permission.
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In interferometric applications, it is used to affirm that the interfered rays have the
same polarization states. To maintain such a difference of velocities, the core of the
fiber has to be anisotropic either geometrically by making the core cross-section as
an ellipse or by applying a uniaxial stress. The most known PM fibers used today
are, PANDA, bow tie, and elliptical-jacket fibers. These types are designed by the
same way where the cores are flanked by areas of high-expansion glass and shrunk-
back more than the surrounding silica then the core is frozen under tension. The
birefringence is induced due to this tension, which means creation of two different
indices of refraction: a higher index in the direction parallel to the applied stress and
a lower index perpendicular to the direction of the applied stress. In the next two
subsections, we briefly illustrate both the manufacturing process and interferomet-
ric characterization of PANDA and bow tie PM optical fibers.

Figure 18.
The 3D RIPs of PANDA PM optical fiber in the directions of (a) fast axis and (b) slow axes. Ref. [23] with
permission.
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4.1 Panda optical fiber

PANDA PM optical fiber is preferable in telecommunications [57, 58]. It is
modified by insertion of stress rods to provide PM properties according to the
procedure described in Figure 16. In this process, two holes are ultrasonically

Figure 19.
Manufacturing steps of a bow tie PM optical fiber.

Figure 20.
(a and c) Cross-sections of the bow tie optical fiber. (b and d) Experimentally obtained phase shifted
interferograms when the incident light vibrates parallel and perpendicular to fiber’s axis, respectively. Ref. [59]
with permission.
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drilled along a single-mode optical fiber; then, the stress rods are inserted in these
two holes and the fiber is finally drawn [57]. In 2014, Wahba used the off-axis
DHPSI to reconstruct the 3D RIP of a PM PANDA optical fiber [23]. The multilayer
model was used to calculate the RIP of this fiber in the directions of fast and slow
axes. By rotating the PANDA fiber, different interferograms were recorded and
analyzed in order to reconstrut the 3D RIP of this fiber, see Figure 17. The
reconstructed 3D RIPs of PANDA fiber are shown in Figure 18 when the incident
light was vibrating in the direction of (a) fast axis and (b) slow axis.

4.2 Bow tie optical fiber

A bow tie optical fiber is fabricated on a lathe using the inside vapor-phase
oxidation (IVPO) via the process called gas-phase etching to create the required
stress [57]. This process is summarized in Figure 19 where a ring of boron-doped
silica is purely deposited of boron tribromide in combination with silicon tetrachlo-
ride. The rotation of the lathe stopped when a sufficiently thick layer was formed to
allow two diametrically opposed sections to be etched away. The final shape of the
bow tie and stress levels are controlled by varying the arc through which the etching
burner is rotated. Recently, Ramadan et al. estimated the optical phase variations of
optical rays traversing a PM optical fiber from its cross-section images [59]. They
proposed an algorithm to recognize the different areas of the fiber’s cross-section,
which was immersed in a matching liquid and investigated by Mach-Zehnder
interferometer.

These areas were scanned to calculate the optical paths for certain values of
refractive indices and the optical phases across the PM optical fiber were recovered.
The experimental interferograms of the bow tie PM optical fiber, shown in
Figure 20, were analyzed to extract their optical phase distributions and compare
them with the optimized estimated optical phase maps, see Figure 21. This was a
direct and accurate method to get information about refractive index, birefrin-
gence, and the beat length of a PM optical fiber.

5. Homogeneous thick optical fibers

Optical fibers having diameters in the order of 100 μm, or less, are convenient to
be investigated using interferometric methods when the samples are put in immer-
sion liquids of refractive indices close to the refractive indices of the fibers as

Figure 21.
The calculated and the experimental phase differences of the bow tie optical fiber when the incident light
vibrates (a) parallel and (b) perpendicular to the fiber’s axis. Ref. [59] with permission.
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described in the previous sections [12, 13]. Optical fibers of diameters bigger than
150 μm cannot be investigated by normal interferometry where the planes of fringes
in both liquid and fiber cannot be focused simultaneously. In 2000, Ramadan
presented a novel interferometric method to recover such a problem for homoge-
neous thick optical fibers, commonly used in short-distance data transmission,
without using immersion liquids [16]. This type of interference was called lens-fiber
interferometry (LFI) since the interference fringes were produced by a combination
of an aberrated cylindrical lens and a thick optical fiber. The aberrated cylindrical
lens was used to focus a parallel beam on this fiber, which was located in the focal
plane of the cylindrical lens [60], see Figure 22.

Two-beam interference produced by the superposition of two optical rays
emerging from the fiber was recorded and explained. Due to the aberration of the
cylindrical lens, one of these two rays crossed the thick fiber before its center while
the other ray crossed after the fiber’s center. Therefore, for each point in the image
plane, two rays having two different initial incidence angles on the thick fiber are
superposed, see Figure 23. The optical path length of each ray can be obtained by
tracing this ray geometrically, as given by Eq. (30), which can be transformed into
phase differences for the interfered rays using Eq. (31). The difference in the optical
path lengths of each pair of interfered rays can be transformed into an intensity
distribution describing the interference fringes using Eq. (32). On the other hand,
the scattered rays from the outer surface of the fiber do not contribute in the
interference because of the limited range of the incident rays on the fiber. This is in
contrast with previous works done by Watkins [14, 15, 61]. By comparing the
experimentally obtained interferograms with those reconstructed theoretically as

Figure 22.
The ray tracing diagram of an optical ray crossing a homogeneous thick optical fiber.

Figure 23.
The relation between the position of each two interfered rays on the screen and their incidence angles on the thick
fiber.
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shown in Figure 24, Ramadan was able to determine the refractive index of the
investigated thick optical fiber. The advantage is that the used system requires no
matching liquid where the experiment is performed when the thick fiber is just held
in air. This enables monitoring the probable variation in radius or refractive index
of the fiber particularly during the manufacturing process or under external effects.

Δ zð Þ ¼ abþ bc � nL þ cdþ de � nf þ ep (30)

δ ¼ 2π
λ
� Δ z1ð Þ � Δ z2ð Þð Þ (31)

I ¼ 4A2 cos 2
δ

2

� �
(32)

where Δ(z1) and Δ(z2) are the optical path lengths of the two interfered rays. In
2004, Hamza et al. developed LFI technique in order to determine the refractive
index of the core of a skin-core thick optical fiber [60]. They derived a mathemat-
ical expression for the optical paths through the fiber in order to reconstruct the
interfernce pattern due to the used fiber when it is used as a thick fiber in the LFI
system. By comparing the experimentally obtained patterns with the theoretically
reconstructed ones, they were able to estimate the core’s refractive index with an
accuracy of 8 � 10�4. Due to its simplicity and applicability, LFI was used, after-
ward, to measure the refractive index of a liquid [62] and to monitor the thickness
variations of a transparent sheet inserted between the cylindrical lens and the thick
fiber [63].

6. Conclusions

This chapter is an attempt to highlight the interferometric techniques used for
characterization of optical fibers. Application of two- and multiple-beam interfer-
ence on different types of fibers is illustrated. Section 2 dealt with conventional
optical fibers where we illustrated the theoretical models used to reconstruct the
refractive index profiles of these fibers. In these models, the refraction of the light
ray traversing the fiber has been considered. Digital holography was explained as an
important candidate used for accurate retrieving of phase maps and consequently
refractive index profiles of the fibers. In Section 3, we mentioned the problem of
fiber bending. Recovering the refractive index profile and mode propagation of a
bent fiber considering the refraction of the light rays traversing the fiber is a quite
difficult task since bending-induced stresses are responsible for refractive index
variations. Also, these stresses are released at the outer surface of the bent fiber.
Therefore, we illustrated a successful model that was recently presented to recover
the index profile in this case with experimental illustrative data. Another important

Figure 24.
(a) A selected and extended part of the obtained interferogram of a thick optical fiber, (b) the enhanced fringes
of (a) and (c) the simulated fringes.
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type of optical fibers is the polarization maintaining optical fibers, which prevent
cross-coupling by conserving the state of beam polarization during propagation. In
Section 4, we presented interferometric techniques applied on two different polar-
ization maintaining optical fibers, panda and bow tie, to reconstruct their refractive
index profiles. Most interference techniques require immersing the fiber in a suit-
able liquid in order to minimize the phase difference between the fiber and its
surrounding medium. In Section 5, an interference technique is presented and
applied on a thick optical fiber to recover its refractive index without using an
immersion liquid (i.e., in air), which makes the technique suitable for in-situ
studying of thick fibers.
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Temperature Sensing
Characteristics of Tapered Doped
Fiber Amplifiers
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José Alfredo Alvarez-Chavez

Abstract

We numerically analyze the temperature response of tapered doped fiber
amplifiers and discuss their feasibility to be used as a sensing element in tempera-
ture fiber sensors. In particular, we consider Ytterbium (Yb) and Thulium (Tm)
rare earths in the tapered doped fiber designs. We have modified the coupled
propagation equations for the pump and signal radiations in order to include dif-
ferent taper structures and introduce the temperature dependence of the absorption
and emission cross-sections of Yb and Tm ions. It was found that the temperature
sensitivity of the amplified signal in Tm-doped fiber amplifiers is one order of
magnitude higher than this obtained with Yb-doped fibers. Additionally, in all
doped fibers, the temperature sensitivity of the signal radiation is higher for low
pump powers in a co-propagating pump scheme, and it highly depends on the
longitudinal shape of the taper used. Finally, for both Yb- and Tm-doped fibers, the
temperature sensitivity can be increased if we use doped fiber lengths shorter than
1 m and pump powers lower than 300 mW. This study provides valuable informa-
tion for the development of tapered fiber amplifiers doped with other rare earths
and novel designs for doped fiber temperature sensors.

Keywords: ytterbium, thulium, taper, doped fiber, sensors

1. Introduction

Non-invasive sensors for temperature and strain measurements in explosive
enviroments and with immunity to electromagnetic interference are constantly
required. In this context, optical fibers have become a key piece to develop
temperature sensors in such hazardous applications. As an example of these
applications, we can mention petroleum pipeline monitoring and hydraulic
fracturing evaluations [1, 2]. Consequently, many efforts have been made to
improve the performance of fiber optic temperature sensors based on different
principles and designs.
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The development of temperature and strain fiber sensors for environmental
measurements where immunity to electromagnetic interference and high personal
safety are required has been studied with great interest until today. This fact has
allowed the development of a large number of fiber optic temperature sensors based
in different principles and desgins; among them, we can distinguish two principal
groups which are based in doped [3–10] and un-doped fibers [11–17]. In the first
group, we have sensors that use the temperature dependence of the fluorescence
lifetime and involve techniques as the fluorescence intensity ratio. In these sensors,
the key parameter is the temperature dependence of the absorption and emission
cross-sections of the pump and signal in the doped fiber amplifier [18–22]. On the
other hand, the second group of temperature sensors are based on un-doped fibers,
and these use principally interference techniques. As examples, we can mention
sensors based on Fabry-Perot interferometers, fiber Bragg gratings, long-period
gratings, optical fiber couplers, and tapered fibers [11–17]. The key parameter in
these sensors is the temperature dependence of the dielectric material that modifies
the modal behavior of the signal that propagates in the un-doped fiber. It conse-
quently changes the interferometer condition and generates a power variation at the
end of the fiber device. Currently, several works have been performed to improve
the sensitivity of these temperature sensors employing a combination of these
sensing techniques in doped and un-doped fibers, respectively. Additionally, these
combinations have allowed discerning between simultaneous strain and tempera-
ture measurements [3–6]. In this context, the gradual progress to develop improved
temperature fiber sensors requires the necessity to explore continuously novel
configurations based on the sensing techniques described above. At this point, one
interesting proposal is to consider the use of a tapered fiber, amply used as a
temperature fiber sensor [11–17], inscribed simultaneously in a doped fiber ampli-
fier, which poses an additional temperature response caused by its cross-sections
[3–10, 18–21]. At this respect, only the efficiency of pump absorption in tapered
doped fiber lasers has been studied [23, 24], but a detailed analysis of its tempera-
ture response has not be performed. Therefore, in this chapter, we present an
analysis of the temperature sensing characteristics of a tapered Yb- and Tm-doped
fiber amplifier, and we explore its feasibility to be used as sensing element in
temperature fiber sensors. In the present analysis, we study the thermal response of
the tapered doped fiber with different tapered fiber structures and pump schemes
to find an optimized design for temperature sensing.

2. Numerical simulation

We start our analysis considering first a tapered fiber section formed in a single-
mode step index fiber surrounded by air. This scheme has been extensively studied
in un-doped fibers showing that no changes of the transmitted power by tempera-
ture are obtained when only air is considered as surrounding media [11–14]. These
modifications on the transmitted power are reached when a thermochromic mate-
rial surrounds the tapered fiber section. However, this situation is not considered in
our study because our principal interest is to analyze the transmitted power varia-
tions caused by the temperature response of the amplified spontaneous emission in
the tapered doped core.

Once air is considered as the surrounding media, we proceed to analyze the mode
field expression of the fundamental core mode within the tapered fiber. The mode
field expression is an important parameter in doped fiber amplifiers because it
determines the core mode fraction of the pump and signal, which affects the power
conversion in the doped core [23–28]. In this study, Gaussian shapes for the pump
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and signal fundamental core modes were considered. Thus, we can write the trans-
verse intensity pattern using a Gaussian envelope approximation given by [29]:

f p, s rð Þ ¼ 1
πΩ2 e

�r=Ω2
(1)

where subscripts p and s refer to pump and signal radiations and Ω is determined
by the characteristic of the fiber: the refractive indexes and radius of the core and
cladding, respectively. The multiplying factor in Eq. (1) is chosen to normalize f rð Þ
as follows:

2π
ð
f p, s rð Þdr ¼ 1 (2)

For a step index fiber, Ω is approximately given by [29]:

Ω ¼ aJ0 Uð ÞV
U
K1 Wð Þ
K2 Wð Þ (3)

where a is the core radius and U ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2n21 � β2

q
, W ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 � k2n21

q
,

V ¼ ka
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21 � n22

p
, k ¼ 2π

λ , n1 and n2 are the refractive indices of the active core
and cladding, respectively, and β is the propagation constant of the pump or
signal mode. For a given V, the value of W can be obtained using the empirical
relationship

W ¼ 1:1428V � 0:996, (4)

It is valid only for step index fibers. In this way, according to the pump and
signal wavelengths, one can obtain the respective values of U, W, and V using the
numerical aperture (NA) of the fiber where

NA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21 � n22

q
, (5)

and subsequently the parameter Ω. This procedure is accurate for 1:5<V < 2:5.
Now, we analyze the thermal effects on the tapered doped fiber considering the

changes of the absorption and emission cross-section with temperature. Previous
works in un-tapered fibers have reported changes in population of the energy levels
in Yb-doped glasses, and the broadening of the homogeneous linewidth as temper-
ature is increased [18–21]. It results in modifications of the absorption and emission
cross-sections for the signal and pump radiations. These effects may vary for each
individual doped fiber due to the different glass composition, concentration of
dopants and co-dopants, and the degree of structural disorder on the glass network
used in different active fibers. In particular, we study the impact of variations on
the cross-sections due to temperature in tapered doped fiber amplifiers. Without
loss of generality, we use the absorption and emission cross-section changes with
temperature reported in [18], which is a representative of several Yb-doped fibers.
These changes are expressed in the following equations:

σ Tð Þ ¼ σ 20°C
� �þ dσ

dT
(6)

dσ1064nmabs

dT
¼ 7:78 ∗ 10�29 m

2

°K
(7)
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dσ1064nmem

dT
¼�2:44 ∗ 10�28 m

2

°K
(8)

dσ976nmabs

dT
¼ dσ976nmem

dT
¼�1:63 ∗ 10�27 m

2

°K
(9)

where σ1064nmabs and σ1064nmem are the absorption and emission cross-sections for the
signal wavelength and σ976nmabs and σ976nmem are the absorption and emission cross-
sections for the pump wavelength, respectively.

In order to model a temperature-dependent tapered Yb-doped fiber amplifier,
we numerically analyze the following coupled equations:

dIp r, zð Þ
dz

¼ σpem Tð Þn2 Tð Þ � σ
p
abs Tð Þn1 Tð Þ� �

NtotIp r, zð Þ (10)

dIs r, zð Þ
dz

¼ σsem Tð Þn2 Tð Þ � σsabs Tð Þn1 Tð Þ� �
NtotIs r, zð Þ (11)

where Ip r, zð Þ and Is r, zð Þ are the pump and signal intensities; Ntot is the total
ytterbium population; σpabs, σ

p
em, σsabs, σ

s
em, are the temperature dependent absorption

and emission cross-sections of the pump and signal at 976 nm and 1064 nm,
respectively; and n1 Tð Þ, n2 Tð Þ are the temperature-dependent upper- and
lower-state populations of Yb, which are given at a steady state by the following
equations:

n2 ¼ Rabs þWabs

Rabs þ Rem þWabs þWem þ Aesp
(12)

n1 ¼ 1� n2 (13)

where Rabs ¼ σ
p
absIphvp, Rem ¼ σ

p
emIphvp, Wabs ¼ σsabsIshvs, and Wem ¼ σsemIshvs. In

these equations, the ASE generation is not considered, and only effects of the taper
and temperature modifications are investigated.

In order to consider the taper effects and the overlap of the pump and signal
fundamental mode with the active core, we can use [29]:

Ip,s ¼ Pp,s zð Þ f p,s rð Þ (14)

where subscripts p and s refer to pump and signal radiations, Pp,s zð Þ are the z-
dependent powers at the pump and signal wavelengths, and f rð Þ is given by Eq. (1).
It is clear at this point that the effect of taper and temperature in parameter Ω
defined in Eq. (3) directly modifies the evolution of pump and signal intensities
described in Eqs. (10) and (11).

If we consider the pump power at any value of z, we have [30]

Pp,s zð Þ ¼
ð∞
0

ð2π
0
Ip,s r, zð Þrdrdϕ ¼ 2π

ð∞
0
Ip,s r, zð Þrdr (15)

Then,

dPp,s zð Þ
dz

¼ 2π
ð∞
0

dIp,s r, zð Þrdr
dz

(16)

Using Eqs. (14) and (16), we can rewrite Eqs. (10) and (11) as follows:
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dPp zð Þ
dz

¼ 2π
ða zð Þ

0
σpem Tð Þn2 Tð Þ � σ

p
abs Tð Þn1 Tð Þ� �

Ntot f p rð Þrdr (17)

dPs zð Þ
dz

¼ 2π
ða zð Þ

0
σsem Tð Þn2 Tð Þ � σsabs Tð Þn1 Tð Þ� �

Ntot f s rð Þrdr (18)

On these equations, we assume that the fiber is doped with uniform Yb concen-
tration up to the core radius “a”which depends on z. Besides, it is worth to note that
n1 Tð Þ and n2 Tð Þ depend on f p,s rð Þ due to their relation with Ip and Is intensities.

Once the temperature-dependent coupled equations are defined, we proceed to
model a tapered Yb-doped fiber amplifier with different longitudinal tapered core
shapes and different pump schemes [31] as is shown in Figure 1.

r zð Þ ¼ 1
C

�D� Bz� z2
� �

(19)

r zð Þ ¼ 1
C

�D� B L� zð Þ � L� zð Þ2
� �

(20)

This model can be applied to a different doped material as the thulium; in this
case Eqs. (6) to (9) must be replaced in agreement with absorption and emission
cross-section changes with temperature reported in [32–35]. These changes are
expressed in the following equations:

σ1600nmabs Tð Þ ¼ 15:56x10�25 � 38x10�28T (21)

σ1600nmem Tð Þ ¼ 1:8x10�26 þ 1:99x10�28T (22)

σ1841nmabs Tð Þ ¼�1:96x10�26 þ 3:53x10�28T (23)

σ1841nmem Tð Þ ¼ 3:75x10�25 � 1:57x10�29T (24)

3. Results and discussion

As a first step, we analyze the power conversion along the fiber between the
pump and signal radiations for the different taper schemes described in 0. In

Figure 1.
Modeling scheme using tapered Yb-doped amplifiers with different tapered core shapes and with co-propagating
single pump at different initial taper ends: (a) pump at the end with wider radius and (b) pump at the end
with lower radius.
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addition, we consider the following absorption and emission cross-sections for the
Yb-doped fiber amplifier at 20°C: σpabs ¼ 1:488x10�24m2, σpem ¼ 1:829x10�24m2,
σsabs ¼ 6x10�27m2, and σsem ¼ 3:58x10�25m2, where the wavelengths 976 and
1064 nm correspond to the pump and signal radiation, respectively. In the numer-
ical simulation, we have fixed the numerical aperture of 0.18 along the tapered
fiber, and we change the temperature from 20 to 120°C. In both taper structures
named Taper 1 (Figure 1a) and Taper 2 (Figure 1b,) we employ a pump power of

Figure 2.
Modeling of a tapered Yb-doped amplifier. Evolution of the pump and signal radiations at two different
temperature;, (a), (b) and (c) for the scheme named taper 1 at 1 W of pump power for different tapered core
shapes; (d), (e), and (f) for the scheme named taper 2 at 1 W of pump power for different tapered core shapes.
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1 W, and the corresponding numerical results are shown in Figure 2 for each
tapered structure. In this figure it is relevant to observe the behavior of the cross-
point where the signal and pump conversion occurs, due to the fact that this cross-
point shifts to different lengths according to temperature variations. Then, this shift
is an indicative of which tapered structure is affected principally by temperature,
modifying in this way the Yb-doped fiber amplifier performance. To visualize this
temperature response in a better way, we proceed to analyze the amplified signal
power at the end of the tapered fiber at 20°C with respect to the signal generated at
different temperatures T using the following normalized expression:

Ps 20°C
� �� Ps Tð Þ� �

=Ps 20°C
� �

: (25)

We evaluate this equation for each tapered structure given in Figure 1. In the
calculations we employ a fiber length = 3 m, and a pump power = 1 W. The results
are shown in Figure 3. According to Figure 3, all tapered fiber structures show a
high temperature sensitivity for large values of temperature. In addition, we can
observe that the tapered fiber structure named Taper 2 is more sensitive to temper-
ature for different tapered shapes. Especially, for the Taper 2 with a parabolic-1
shape, we obtain an improvement of the temperature sensitivity in the fiber
amplifier.

Figure 3.
Efficiency signal conversion for different temperatures at the end of the tapered fiber.

Figure 4.
Temperature behavior of the generated signal for different temperatures T = 30 and 120°C at different pump
powers: 0:1� 0:5W.
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Temperature response at different pump powers is shown in Figure 4, where
temperatures of 30 and 120°C are used. The signal is calculated at the end of the
tapered fiber (3 m) according to the scheme of Figure 1.

According to Figure 4, the temperature sensitivity of the signal radiation for
both tapered fiber schemes shown in Figure 1 is higher as the temperature is
increased, and it can be improved if we employ lower pump powers than 1 W,
respectively. In particular, this increment on sensitivity highly depends on the taper

Figure 5.
Modeling of a tapered Tm-doped amplifier. Evolution of the pump and signal radiations at two different
temperatures,; (a), (b), and (c) for the scheme named taper 1 at 1 W of pump power for different tapered core
shapes; (d), (e), and (f) for the scheme named taper 2 at 1 W of pump power for different tapered core shapes.
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shape and the pump scheme employed in the amplifier design. Additionally, this
temperature sensitivity can change according to the tapered fiber length. In our
calculations, the tapered length was 3 m, but other temperature sensitivities can be
obtained if we consider tapered fiber length between 2 and 2.5 m, where the cross-
point of the signal and pump radiations is located (See Figure 2). In this sense,
further analysis needs to be performed to optimize the temperature sensitivity
using different taper ratios and different taper lengths and modifying the longitu-
dinal shape of the tapered doped fiber amplifier. Similarly, in the case of Th, we
analyze the radiation conversion along the fiber between the pump and signal
radiations of the different schemes described in Figure 1. The numerical aperture
NA ¼ 0:18 is considered constant along the taper, and the temperature is changed
from 17–117°C. For both schemes shown in Figure 1, the co-propagating pump and
signal power were set at 1 W and 20 mW, respectively; the corresponding results of
the signal conversion for three different temperatures are shown in Figure 5 for
each longitudinal tapered core shape.

According to Figure 6, all tapered doped fiber amplifiers show an increasing
temperature sensitivity for values starting even at 27°C and up to the maximum
temperature of 117°C. The curves for “Taper 2” scheme (all in blue color) showed a
saturation at around 87°C, indicating less sensitivity to temperature with respect to
“Taper 1” scheme (in black color). However, this behavior could vary if we use
other fiber lengths. In this context, the curves shown in Figure 5 represent a design
map that could allow us to choose the taper shape and its corresponding taper
length, given by the cross-point in order to improve the temperature sensitivity of
the tapered doped fiber amplifier around a specific temperature value.

On the other hand, Figure 7 shows the temperature response at different pump
powers for the two tapered core shapes analyzed in this work, where temperatures
of 27 and 117°C are used. The signal is calculated at the end of the tapered fiber
(3 m) according to the scheme of Figure 1.

According to Figure 7, the temperature sensitivity of the tapered doped fiber
amplifier grows as the temperature is increased, and it is higher for low values of the
pump power. This is an important result to consider for the design of fiber lasers
and temperature fiber sensors. Therefore, we can consider that the temperature
sensitivity of the signal radiation is higher for low pump powers, and this sensitivity
is different for each pump scheme and depends on the taper used. This sensitivity
can vary according to the length of the fiber used. For example, these calculations
were made at 3 m; however, more sensitivity changes can be obtained at shorter
length, as it is shown in Figure 2. Additionally, further analysis needs to be

Figure 6.
Normalized amplified signal for different temperatures at the end of the tapered fiber with L ¼ 3m.
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performed to optimize the temperature sensitivity using different taper ratios and
the longitudinal shape of the tapered doped fiber.

Similar results were obtained as in the case of using an Yb-doped fiber amplifier
for temperature sensing. However, although the response follows a similar behav-
ior, the results are different, the evolution of the pump and signal radiation is
shifted to shorter lengths along the fiber, the efficiency signal conversion is larger,
and the temperature behavior of the generated signal for different temperatures as a
function of the pump power shows an increased response for the Tm-doped fiber
amplifier. The sensitivity of both tapers can be compared with other kinds of sensor
of temperatures using similar techniques as shown in Table 1. Table 1 compares the
parameters of the authors’ tapered ytterbium- and thulium-doped fiber tempera-
ture sensors with existing ones. It can be seen that the sensitivity of the sensors is
close to early work on doped silica fibers for intrinsic fiber-optic temperature
sensors.

4. Conclusion

We have reported a numerical analysis of the temperature effects in tapered
ytterbium and thulium-doped fiber amplifiers in co-propagation mode. We found
that the tapering shape and the pump power at the input amplifier modify

Figure 7.
Temperature behavior of the generated signal for temperatures T ¼ 300 and 390∘K at different pump powers
(0.2–1 W): (a) taper 1, parabolic 1 and 2, (b) taper 2, parabolic 1 and 2.

Sensing
material

λ pump
(nm)

Fluorescence
wavelengths (nm)

Temperature
range (°C)

Sensitivity
(°C�1)

Reference

Er: silica fiber 800 530/555 23–600 0.013 [10]

Yb: silica fiber 810 910/1030 20–600 0.095 [31]

Nd: silica fiber 807 nm 820–840/895–815 �50–500 0.168 [3]

Er: silica fiber 785 527–537/545–555 21–96 0.006 [8]

Yb: tapered
silica fiber

976 1064 15–120 0.005 This work

Tm: tapered
silica fiber

1650 1841 17–117 0.009 This work

Table 1.
Comparison of the performance of rare-earth-doped fibers and materials as temperature-sensing elements.
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significantly its temperature sensitivity. In particular, the temperature sensitivity is
higher as the core radius is reduced in the propagation direction (Taper 1 scheme),
and it can be maximized if the tapered fiber length is equal to the propagation
distance where the cross-point of the power conversion is achieved. On the other
hand, the temperature sensitivity can also be incremented if we use lower pump
powers at the amplifier input. Then, for temperature sensing applications, it is
desirable to work using tapered doped fiber amplifiers in low pump power regimes.
Our results can be extrapolated to other doped fibers and are of great interest for the
improvement of high-power tapered lasers and the development of temperature
fiber laser sensors.
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Chapter 7

Fiber-Optic Temperature Sensors
with Chalcogenide Glass and
Crystalline Sensing Element
Igor Chychura

Abstract

Fiber-optic temperature sensors (FOTSs) are competitive in cases where it is
necessary to provide stable operation in harsh operating conditions—strong elec-
tromagnetic fields, elevated background radiation, and explosive environment—
and at large distances between sensing element and receiving device. In addition to
high reliability and stability when measurements are performed in extreme condi-
tions, such sensors have good metrological characteristics. For FOTSs the main
functional node is a temperature-sensitive element (TSE), which defines the main
operational and metrological characteristics of these devices. Therefore, the search
for new promising materials for innovative TSEs is relevant. From this point of
view, chalcogenide amorphous materials of the AsxSe100-x system deserve special
attention. They are characterized by a unique combination of high inertia under the
influence of intensive external factors and the possibility of significant changes of
their optical parameters with changing of their chemical composition within the
range of glass formation. In this scientific work, a comparative analysis of opportu-
nities for traditional GaAs crystals and AsxSe100-x chalcogenide glasses for TSEs of
modern FOTSs is carried out.

Keywords: fiber-optic temperature sensor, temperature-sensitive element, transfer
characteristics, chalcogenide glass semiconductor materials, optical transmission

1. Introduction

Nowadays, it is impossible to imagine modern industry without automated
control systems. Complex structures and mechanisms require constant control of
various parameters and processes that happen in them. Monitoring of complex
engineering structures and industrial systems is an integral part of their day-to-day
operation. To perform such control, sensors and control systems of various physical
quantities such as temperature, mechanical deformation, pressure, etc. are required.

At present, the market of measuring systems and sensors was dominated by
electronic measuring technologies, which involve the transformation of the mea-
suring parameter into an electrical signal and its subsequent processing [1]. An
alternative to such an approach is the use of fiber-optic measurement systems,
where the measured parameter is converted into an optical signal transmitted over
an optic fiber. The market of fiber-optic sensors has been growing from the moment
they appeared, 2.5 billion dollars in 2004 with an annual increase of 11% in all
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industries, according to Frost and Sullivan’s marketing agency. Fiber-optic sensors
have some advantages over more traditional electronic technologies: (a) explosion
safety; (b) zero sensitivity to electromagnetic interference (noise immunity); and
(c) high separation ability. Despite all mentioned above, the relative share of fiber-
optic sensors in the overall market of measuring systems remains small. In essence,
fiber-optic sensors occupy only a very small position where traditional measuring
instruments cannot be used or their use is very expensive.

However, it is worth noting two trends that are observed in our time. Firstly, the
rapid development of related technologies, fiber-optic transmission of information,
reception and processing of images using digital photo and video equipment,
microprocessor technology, contributes to the development of fiber-optic measur-
ing technology and in cheapening their production. Secondly, industry and regula-
tors put increasingly stringent requirements on the operating conditions of such
devices, namely, noise immunity requirements, measurement safety, accuracy, etc.
These are the criteria that can satisfy modern fiber-optic sensors. It can be seen that
these two trends can lead to a situation where the fiber-optic measuring systems
will become more competitive in than traditional systems [2]. This is due, not only,
to the performance characteristics but also to the cost of individual measuring
channel.

2. Types of fiber-optic sensors

Fiber-optic sensors can be classified by many parameters, one of which is the
classification based on the coding of measured information:

• Phase sensors using a highly coherent source of radiation and measuring the
phase of a light wave that changes under the influence of the external
parameters [3].

• Spectral coding sensors, which, in contrast to the purely phase, use radiation
sources with a wide spectrum and the possibility of analyzing the entire
spectrum [4].

• Amplitude sensors, in which the measured parameters modulate the intensity
of light waves that passed through the sensor or are reflected from it [5].

• Polarizing sensors, using information about the polarization of the light wave [6].

Another classification of fiber-optic sensors is by the work principle:

• Interference [7].

• Distributed [8].

• Luminescent [9].

• Using the gratings inside optic fibers [10].

• Combined [11].

You can also classify sensors by localization of the measured parameter:
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• Pointing.

• Distributed.

• Imaginary distributed.

All of the mentioned fiber-optic sensors have certain advantages and disadvan-
tages associated with their design, operation principle, etc. All of this affects on
their price and application possibilities.

For example, phase sensors using laser radiation sources are quite common but
mostly in lab installations and not in industry. This is due to the needs of accurate
adjustment of devices and presence of additional phase-adjustment schemes, which
greatly complicate their design. In addition, such sensors do not allow measure-
ments of absolute values. To eliminate these disadvantages, several frequencies of
optic radiation are used, which makes this method an intermediate type of mea-
surements between phase and spectral [12], which are presented below.

Sensors with spectral coding are mostly promising in terms of their implemen-
tation into the industry due to their resistance to various parasitic parameters: drift
of radiation power source, uncontrolled power loss in fibers, losses due to fiber
coupling using connectors, etc. In addition, this type of sensors allows measure-
ments of absolute values and does not require recalibration after switching off the
instrument. For now, this measurement method was considered very difficult and
expensive. It needed the presence of a spectrometer and optic image processing
equipment. But the situation is changing, and due to the cheapening of the methods
of optic spectrum processing, development of microprocessor technology and the
technology of receiving an optic image, and cheapening of optoelectronic compo-
nents, the price of the fiber-optic measurement channel comes close to electronic
analogues [13].

Amplitude sensors have their area of application due to their low cost and can be
used where there is no need for high measurement accuracy (e.g., as counters of
rotation, microphones, temperature distribution sensors, etc.). However, in high-
precision measuring systems, they are not widely used due to their relatively low
accuracy and probability of parameter drift.

Tunnel sensors are highly sensitive devices, but they also have parameter drift,
so they can only find limited use, for example, in high-precision positioning
devices, microphones, hydrophones, etc.

Polarizing sensors, in essence, are analogues to interference sensors. Their com-
mercialization is mainly hampered by the need to use expensive fiber while
maintaining polarization.

3. Fiber-optic temperature sensors with amplitude modulation of light

From the types of fiber-optic sensors being represented in the previous para-
graph, sensors with amplitude modulation of light are most suitable for further
processing of the output signal from optical fiber. Most of the schemes with ampli-
tude modulation of signals do not require the use of coherent light and therefore do
not include specific requirements for emission source (LED) and emission detector
(photodiode).

The amplitude modulation of optic signal can be done in several ways: (1)
attenuation of light when α absorption coefficient changes; (2) changes in the cross
section on the way of light passing; (3) changes in the coefficient of reflection of the
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medium when refractive index n is changing; (4) receiving additional radiation
when the temperature of the sensitive element of sensor is changing; and others.

The operation principle of the first-type fiber-optic sensors is that light passing
through a semiconductor material is absorbed in the case when the photon energy
hν is greater than the width of the bandgap Eg [14].

With increasing temperature, the width of the bandgap decreases monoto-
nously. In works [5, 15–17], as a temperature sensor, a GaAs crystal was selected.
The principle of operation of the sensor is to shift the edge of optic absorption
induced by temperature change (Figure 1). From the graph, it is seen that, for
example, passing the sample at wavelength λr will be different when temperature
changes. Knowing the optic characteristics of a material, one can estimate the
transmission characteristic of such a sensor.

Indeed, according to the Beer–Lambert law of absorption

I l,Tð Þ ¼ I0 1� Rð Þ exp α Tð Þ � l½ � (1)

where:
I0 is the intensity of the falling light.
I is the intensity of the light passing through the sample.
R is coefficient of reflection.
α Tð Þ is the material absorption coefficient at a given temperature and wavelength.
As shown in [16], for GaAs.

α Tð Þ ¼ A � hν� Eg Tð Þ� �1=2, (2)

where:
A is the constant of the material.
Eg Tð Þ is the width of the bandgap at temperature T.
h is Planck’s constant.
ν is the light frequency.
In the temperature range of 20–297 K, Eg Tð Þ can be described by the formula:

Eg Tð Þ ¼ Eg 0ð Þ � γT2

β þ Tð Þ , (3)

where Eg 0ð Þ is the width of the forbidden zone at 0 K and γ and β are empirical
constants.

Figure 1.
The principle of operation of the fiber-optic temperature sensor: (1) spectrum of light source radiation; (2, 3, 4)
the dependence of the optic transmittance of the material on the wavelength λ at different temperatures T2
< T3 < T4.
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For GaAs, Eg 0ð Þ = 1.522 eV, γ = 5.8 � 10-4E/K, β = 300 K, A = 2.446 � 10-4 (cm �
eV)�1. Proceeding from Eq. (3), we can find the wavelength λg of light on which a
given semiconductor will absorb:

λg Tð Þ ¼ nc
Eg Tð Þ ¼

nc
Eg 0ð Þ�γT2

βþTð Þ
(4)

Taking into account the Eqs. (2) and (3), the connection between the intensity of
light I passing through the sensitive element and its temperature can be written as

I l,Tð Þ ¼ I0 1� Rð Þ exp A hν� Eg 0ð Þ þ γT2

T þ β

� �1=2

� l
( )

(5)

Thus, if the light passes through the sample in the region of its absorption, the
intensity of light will diminish, with increasing of sample temperature. If the emis-
sion detector (photodiode) is chosen in the working range, then change in intensity
of light will lead to a decrease in the photodiode voltage (Figure 2).

4. Fiber-optic temperature sensor with chalcogenidic glass sensitive
element

The operation principle of such fiber-optic sensors is similar to the one discussed
above. Change in the light transmission in chalcogenide vitreous semiconductor
(ChVS) with temperature change. The use of as sensitive elements of ChVS gives
the possibility for better optic coordination of emission source (LED), temperature-
sensitive element, and emission detector (photodiode), since the physical and
chemical, optic properties of glass can be changed in wide range by changing their
composition within the region of glass formation. Developed FOTS are using a film
of single crystals GaAs and Ge, with given optic constants, as a sensitive element.
Our previous studies [18] have shown that, as an active element of FOTS, from a
large number of ChVS can be used As-Se glass system.

In few scientific and technical publications, several analogues of FOS with semi-
conductor crystals as a temperature-sensitive element were published [5, 15–17].
Often, these are two-wave single-channel fiber-optic circuits, which use two LEDs

Figure 2.
Dependence of the photodiode output voltage from temperature sensor temperature [2].
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with different wavelengths (operating and reference). If the ambient temperature
changes, the change in characteristics will not be the same, and the compensation
scheme will not be able to eliminate the measurement error in this case. In our view,
a more stable scheme of temperature measurement with a fiber-optic sensor is a
single-LED dual-channel circuit, which is shown in Figure 3.

The operation principle of this type of FOS is that light signal after passing
through the Y-cutter on two channels (working and reference) is received by two
identical photodiodes. The registration system measures the ratio of signals from
photodiodes 5 and 6 (Figure 3). Therefore, changes that can occur in the fiber-optic
line for a given temperature will not affect the ratio of signals on photodiodes.

In scientific work (article) [18], we developed a method for performing calcula-
tions of the transmission characteristics of the fiber-optic temperature sensor. In
this chapter, a method of selecting the elements of the primary measuring trans-
former and the optic parameters of LED, photodiode, and sensitive element of such
fiber-optic temperature sensor was simulated. The results of the transfer character-
istic in the form of a plot of the dependence of the change in the voltage of the
emission detector (photodiode) on the temperature of the medium in which the
temperature-sensitive element is shown demonstrate the performance of this
technique.

In this chapter, a plate of ChVS As-Se was used as a temperature-sensitive
element. The change in the composition of the components of the temperature-
sensitive element allowed us to ensure the optimum harmonization of the spectral
characteristics of the receiver source and the temperature-sensitive element, which
are very convenient for the construction of fiber-optic thermometers. However, not
only ChVS can be used as a temperature-sensitive element in a fiber-optic temper-
ature sensor; some crystalline materials can also be effectively implemented in these
devices.

5. Fiber-optic temperature sensor with crystalline sensitive element

Preliminary analysis of the probable variants of crystalline materials which can
be used as temperature-sensitive elements indicated the possibility of using base
materials of the A3B5 (GaAs, GaP), which today are the basic semiconductor crys-
tals for modern microelectronics [19, 20].

From the practical point of view, the interest in these materials is due to their
wide application in the elements of infrared optics, television equipment, and fiber-
optic communication. These materials are resistant to radiation, which makes their
practical application under conditions of radioactive exposure possible, and the

Figure 3.
Optic scheme of the primary converter: 1, radiation source (LED); 2, fiber-optic coupler; 3, place of optic signal
division; 4, temperature-sensitive element; 5, the first photodiode (FD1); and 6, the second photodiode (FD2).
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possibility of anatomy of radioactive defects opens the possibility of their multiple
use in extreme radiation conditions. In addition, the optical properties of these
crystals are immune to high-frequency electromagnetic fields.

All of this indicates a possibility of effective application of A3B5 crystals as
sensitive elements for amplitude-type FOS for temperature, pressure, and other
physical quantities.

For modeling parameters of primary measuring converter, GaP crystals doped
with Zn (GaP:Zn) were used. These crystals are used to construct different types
LEDs [21].

For experimental studies of optical transmittance, special samples were made.
The methods of making are as follows: crystal plates were cut out of solid material
and polished on abrasive powders, then polished on diamond paste of different
consistency, and electropolished to a high class of roughness. As a result, we got
plates with a thickness of 300 microns and high-quality surface.

Figure 4 shows a picture of one of the crystal GaP:Zn. This plate was used in our
optical studies.

Results of these studies, in the form of direct records, were made on a special-
ized optical installation.

According to the transmission spectrum, which is shown in Figure 5, the optical
absorption spectra at different temperatures, shown in Figure 6, were calculated.

Optical absorption in GaP:Zn crystals according to the literature data [22] is
indirect banded, which determines the angle of absorption dependence from wave-
length. For the convenience of determining the width of the bandgap at different
temperatures, the dependence α2 = f (hv) was constructed (Figure 7).

Subsequent processing on the computer obtained experimental results in the
form of transmission spectra of GaP:Zn crystal at various temperatures which is
shown in Figure 8. It can be seen from Figure 8 that with increasing of tempera-
ture, the transmittance dependence shifts to greater wavelengths and overall band-
width drops. This allowed us to determine the wavelength position which will
determine the controlled level of transmission at given temperature. It was most
convenient to use a λ = 600 nm, which was determined by the level of transmission
at a fixed temperature. The results of the analysis of the temperature shift of the
transmission level, determined by the spectra in Figure 8, are presented in
Figure 9.

Dependence of the absorption coefficient α in non-triangular semiconductors to
which GaP belongs is described by the dependence:

Figure 4.
Photograph of GaP:Zn crystal used in optical studies.
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Figure 5.
GaP:Zn crystal spectrum at different temperatures T (K).

Figure 6.
Dependence of absorption of GaP:Zn crystals at different temperatures T (K).

Figure 7.
Dependence of absorption of GaP:Zn crystal at different temperatures T (K).
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α ¼ α0 hv� Eg
� �1

2 (6)

This means that when α2 dependence is built, it is possible to obtain the
expression:

α2 ¼ α02 hv� Eg
� �

(7)

From which it is easy to obtain the value of the width of the indirect bandgap Eg
by extrapolating to the zero of the linear part of the dependence α2 = f (hv).

Analyzing Figure 8, we can select the required operating wavelength to demon-
strate the practical use of GaP:Zn crystals as a temperature-sensitive element of a
fiber-optic temperature sensor. As a result we obtained temperature dependence of
transmission of GaP:Zn crystal (Figure 9).

Figure 8.
Spectrum of GaP:Zn crystal at different temperatures T (K).

Figure 9.
Temperature dependence of transmission τλ on λτ = 600 nm for the GaP:Zn crystal.
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It can be seen from Figure 9 that the passage of the GaP:Zn plate at a controlled
wavelength λ = 600 nm linearly decreases in the temperature range from 300 to
400 K. This, not directly, indicate that the expected and calculated full-cycle pho-
tocurrent will also change with temperature change. That suggests the possibility of
using GaP:Zn crystals as temperature-sensitive element of a fiber-optic temperature
sensor.

6. Conclusions

Currently, fiber-optic sensors do not occupy a leading position in the measure-
ment system market. However, the continuous development of technologies,
including fiber-optics, makes such devices more competitive and provides con-
sumers with the advantages that traditional measurement systems cannot give.
This, in turn, expands their scope. In this paper, our focus was on fiber-optic
temperature sensors, namely, sensors with amplitude modulation of light. These
sensors are just one of a wide variety of modern fiber-optic devices. In our previous
work, which was briefly presented in Section 4, we used ChVS materials as a
temperature-sensitive element for a fiber-optic temperature sensor. Further studies
have shown the possibility of using A3B5 crystals as a temperature-sensitive ele-
ment also. Section 5 presents the possibility of using such semiconductor materials
on the example of GaP:Zn crystals. The temperature dependence shown in Figure 9
confirms that A3B5-type semiconductor materials can be used as a temperature-
sensitive element of a fiber-optic sensor.
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