
Selected Topics on Optical Fiber 
Technologies and Applications

Edited by Fei Xu and Chengbo Mou

Edited by Fei Xu and Chengbo Mou

Photo by arcoss / iStock

This book is a collection of contributions by selected active researchers in the optical 
fiber fields highlighting the design, fabrication, and application of optical fibers and 

fiber systems and covering various topics such as microstructured optical fibers, 
polymer fibers, nonlinear effects, optical tweezers, and gyroscopic systems. The goal 

of the book is to provide an updated overview of the current research trends in the 
optical fiber fields, serving as a general reference for the recent development in optical 

fiber technologies, though inevitably many topics are not covered.

Selected Topics on O
ptical Fiber Technologies and A

pplications

ISBN 978-953-51-3813-6



SELECTED TOPICS ON
OPTICAL FIBER

TECHNOLOGIES AND
APPLICATIONS

Edited by Fei Xu and Chengbo Mou



SELECTED TOPICS ON
OPTICAL FIBER

TECHNOLOGIES AND
APPLICATIONS

Edited by Fei Xu and Chengbo Mou



Selected Topics on Optical Fiber Technologies and Applications
http://dx.doi.org/10.5772/intechopen.68456
Edited by Fei Xu and Chengbo Mou

Contributors

Erick Estefen Reyes Vera, Gloria Margarita Varon Duran, Juan Usuga Restrepo, Pedro Torres, Andres Macho, Roberto 
Llorente, Dora Juan Juan Hu, Perry Ping Shum, Rebecca Yen-Ni Wong, L.S. Supian, Dr. Mohd Syuhaimi Ab-Rahman, 
Norhana Arsad, Chew Sue Ping, Nani Fadzlina Naim, Nurdiani Zamhari, Syed Mohd Fairuz Syed Mohd Dardin, Yong 
Sheng Ong, Ian Andrew Grout, Elfed Lewis, Waleed Mohammed, Chaoyang Ti, Minh-Tri Ho Thanh, Yao Shen, Qi Wen, 
Yuxiang Liu, Zhengyong Liu, Hwa-Yaw Tam, Vasily Spirin, Cesar López-Mercado, Patrice Mégret, Andrei Fotiadi, Ramon 
Jose Perez, Keisuke Kojima, Toshiaki Koike-Akino, Tsuyoshi Yoshida, David. S. Millar, Kieran Parsons

© The Editor(s) and the Author(s) 2018
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2018 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Selected Topics on Optical Fiber Technologies and Applications
Edited by Fei Xu and Chengbo Mou

p. cm.

Print ISBN 978-953-51-3813-6

Online ISBN 978-953-51-3814-3

eBook (PDF) ISBN 978-953-51-4055-9

DBF_Book Title
DBF_Book Doi
DBF_Editors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_Contributors
DBF_prva objava
DBF_Book Title 2
DBF_Editors 2
DBF_ISBN
DBF_Online ISBN
DBF_eBook (PDF) ISBN


Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,300+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

107,000+
International  authors and editors

113M+ 
Downloads

We are IntechOpen,  
the first native scientific 

publisher of Open Access books

 





Meet the editor

Dr. Fei Xu received his BE degree from the Nanjing 
University, China, in 2000; MSc degree from the Nan-
jing University, China, in 2005; and PhD degree in 
Optoelectronics from the Optoelectronics Research 
Centre, University of Southampton, UK, in 2008. He is 
currently a full professor at the College of Engineering 
and Applied Sciences, Nanjing University, China. His 

current research interests include the development of novel fiber devices 
for ultrasmall sensor and laser systems and the optomechanical effect in 
nanoscale waveguide systems. To date, he has authored or coauthored 8 
book chapters, granted more than 30 patents (China and US), and pub-
lished more than 100 peer-reviewed articles in academic journals in the 
previously mentioned areas.

Dr. Chengbo Mou received his BE degree from the 
Tianjin University, China, in 2004; MSc degree from the 
University of St Andrews, UK, in 2005; and PhD degree 
in Photonics from the Aston University, UK, in 2012. He 
is currently working with the Key Laboratory of Special-
ty Fiber Optics and Optical Access Networks, Shang-
hai Institute for Advanced Communication and Data 

Science, Joint International Research Laboratory of Specialty Fiber Optics 
and Advanced Communication at the Shanghai University, China. He 
investigates the design and fabrication of novel fiber grating devices and 
their applications in fiber lasers and sensors, nanomaterial-based mode-
locked fiber lasers, and polarization dynamics of ultrafast fiber lasers. He 
has authored or coauthored over 100 papers in international journals and 
conferences. He was a recipient of the Shanghai Young Eastern Scholar Fel-
lowship from Shanghai in 2015 and the National Young Thousand Talent 
Plan Award from China in 2016.



Contents

Preface VII

Chapter 1 Fabrication and Sensing Applications of Special
Microstructured Optical Fibers   1
Zhengyong Liu and Hwa-Yaw Tam

Chapter 2 Photonic Crystal Fiber–Based Interferometric Sensors   21
Dora Juan Juan Hu, Rebecca Yen-Ni Wong and Perry Ping Shum

Chapter 3 Dual-Core Transversally Chirped Microstructured Optical Fiber
for Mode-Converter Device and Sensing Application   43
Erick Reyes Vera, Juan Úsuga Restrepo, Margarita Varon and Pedro
Torres

Chapter 4 Multi-Core Optical Fibers: Theory, Applications and
Opportunities   63
Andrés Macho Ortiz and Roberto Llorente Sáez

Chapter 5 Fabrication of Polymer Optical Fiber Splitter Using Lapping
Technique   103
Latifah S. Supian, Mohd Syuhaimi Ab-Rahman, Norhana Arsad,
Chew Sue Ping, Nani Fadzlina Naim, Nurdiani Zamhari and Syed
Mohd Fairuz Syed Mohd Dardin

Chapter 6 Plastic Optical Fibre Sensor System Design Using the Field
Programmable Gate Array   125
Yong Sheng Ong, Ian Grout, Elfed Lewis and Waleed Mohammed

Chapter 7 Fiber Optical Tweezers for Applying and Measuring Forces in a
3D Solid Compartment   153
Chaoyang Ti, Minh-Tri Ho Thanh, Yao Shen, Qi Wen and Yuxiang
Liu



Contents

Preface XI

Chapter 1 Fabrication and Sensing Applications of Special
Microstructured Optical Fibers   1
Zhengyong Liu and Hwa-Yaw Tam

Chapter 2 Photonic Crystal Fiber–Based Interferometric Sensors   21
Dora Juan Juan Hu, Rebecca Yen-Ni Wong and Perry Ping Shum

Chapter 3 Dual-Core Transversally Chirped Microstructured Optical Fiber
for Mode-Converter Device and Sensing Application   43
Erick Reyes Vera, Juan Úsuga Restrepo, Margarita Varon and Pedro
Torres

Chapter 4 Multi-Core Optical Fibers: Theory, Applications and
Opportunities   63
Andrés Macho Ortiz and Roberto Llorente Sáez

Chapter 5 Fabrication of Polymer Optical Fiber Splitter Using Lapping
Technique   103
Latifah S. Supian, Mohd Syuhaimi Ab-Rahman, Norhana Arsad,
Chew Sue Ping, Nani Fadzlina Naim, Nurdiani Zamhari and Syed
Mohd Fairuz Syed Mohd Dardin

Chapter 6 Plastic Optical Fibre Sensor System Design Using the Field
Programmable Gate Array   125
Yong Sheng Ong, Ian Grout, Elfed Lewis and Waleed Mohammed

Chapter 7 Fiber Optical Tweezers for Applying and Measuring Forces in a
3D Solid Compartment   153
Chaoyang Ti, Minh-Tri Ho Thanh, Yao Shen, Qi Wen and Yuxiang
Liu



Chapter 8 Nonlinearity-Tolerant Modulation Formats for Coherent
Optical Communications   171
Keisuke Kojima, Toshiaki Koike-Akino, Tsuyoshi Yoshida, David S.
Millar and Kieran Parsons

Chapter 9 Fiber Laser for Phase-Sensitive Optical Time-Domain
Reflectometry   197
Vasily V. Spirin, Cesar A. López-Mercado, Patrice Mégret and Andrei
A. Fotiadi

Chapter 10 Optoelectronic Design of a Closed-Loop Depolarized IFOG with
Sinusoidal Phase Modulation for Intermediate Grade
Applications   213
Ramón José Pérez Menéndez

X Contents

Preface

Glass fibers are fabricated since the 1920s, but their use remains restricted to medical appli‐
cations because of their high losses. In 1965, Kao et al. suggested that thin-glass waveguides
could be a practical medium for optical communication if their losses are reduced, and then
an intense technological progress on the purification of fused silica and the reduction in fi‐
ber loss was followed. In 1970, fabrications of low-loss fibers led to a revolution in the long-
haul and high-bandwidth communication systems. Optical fibers are now being widely
used in communications, sensing, biology, medicine, and so on.

Today, the most common optical fiber is the standard telecom single-mode fiber, which has
an outer diameter of 125 µm with a core radius of ~5 µm. Besides the SMFs, multimode fi‐
bers, birefringence-modified fibers, and rare-earth-ion-doped fibers are widely developed
and utilized. The excellent light-guiding capabilities of optical fibers resulting from a simple
silica glass-based step-index solid structure derive many types of in-fiber photonic devices
and configurations, such as couplers, interferometers, amplifiers, lasers, and broadband
sources. Nevertheless, the performance and functionality of standard optical fibers found
limitations in rapidly grown technological demands from information technology and vari‐
ous industrial sectors.

Recently, specialty fibers with modified geometrical structures and nonsilica materials, for
example, microstructured optical fibers, multicore fibers, soft-glass fibers, and polymer fi‐
bers, have attracted much more attention because of their great potential in diverse function‐
ality and applications in communication, sensing, and laser.

This book is a collection of contributions by selected active researchers in the optical fiber
fields highlighting the design, fabrication, and application of optical fibers and fiber systems
and covering various topics such as microstructured optical fibers, polymer fibers, nonlinear
effects, optical tweezers, and gyroscopic systems. The goal of the book is to provide an up‐
dated overview of the current research trends in the optical fiber fields, serving as a general
reference for the recent development in optical fiber technologies, though inevitably many
topics are not covered.

Finally, we would like to thank all the authors for their contributions and the InTech editori‐
al staff for the help to edit this book.

Fei Xu
Nanjing University, China

Chengbo Mou
Shanghai University, China



Chapter 8 Nonlinearity-Tolerant Modulation Formats for Coherent
Optical Communications   171
Keisuke Kojima, Toshiaki Koike-Akino, Tsuyoshi Yoshida, David S.
Millar and Kieran Parsons

Chapter 9 Fiber Laser for Phase-Sensitive Optical Time-Domain
Reflectometry   197
Vasily V. Spirin, Cesar A. López-Mercado, Patrice Mégret and Andrei
A. Fotiadi

Chapter 10 Optoelectronic Design of a Closed-Loop Depolarized IFOG with
Sinusoidal Phase Modulation for Intermediate Grade
Applications   213
Ramón José Pérez Menéndez

ContentsVI

Preface

Glass fibers are fabricated since the 1920s, but their use remains restricted to medical appli‐
cations because of their high losses. In 1965, Kao et al. suggested that thin-glass waveguides
could be a practical medium for optical communication if their losses are reduced, and then
an intense technological progress on the purification of fused silica and the reduction in fi‐
ber loss was followed. In 1970, fabrications of low-loss fibers led to a revolution in the long-
haul and high-bandwidth communication systems. Optical fibers are now being widely
used in communications, sensing, biology, medicine, and so on.

Today, the most common optical fiber is the standard telecom single-mode fiber, which has
an outer diameter of 125 µm with a core radius of ~5 µm. Besides the SMFs, multimode fi‐
bers, birefringence-modified fibers, and rare-earth-ion-doped fibers are widely developed
and utilized. The excellent light-guiding capabilities of optical fibers resulting from a simple
silica glass-based step-index solid structure derive many types of in-fiber photonic devices
and configurations, such as couplers, interferometers, amplifiers, lasers, and broadband
sources. Nevertheless, the performance and functionality of standard optical fibers found
limitations in rapidly grown technological demands from information technology and vari‐
ous industrial sectors.

Recently, specialty fibers with modified geometrical structures and nonsilica materials, for
example, microstructured optical fibers, multicore fibers, soft-glass fibers, and polymer fi‐
bers, have attracted much more attention because of their great potential in diverse function‐
ality and applications in communication, sensing, and laser.

This book is a collection of contributions by selected active researchers in the optical fiber
fields highlighting the design, fabrication, and application of optical fibers and fiber systems
and covering various topics such as microstructured optical fibers, polymer fibers, nonlinear
effects, optical tweezers, and gyroscopic systems. The goal of the book is to provide an up‐
dated overview of the current research trends in the optical fiber fields, serving as a general
reference for the recent development in optical fiber technologies, though inevitably many
topics are not covered.

Finally, we would like to thank all the authors for their contributions and the InTech editori‐
al staff for the help to edit this book.

Fei Xu
Nanjing University, China

Chengbo Mou
Shanghai University, China



Chapter 1

Fabrication and Sensing Applications of Special
Microstructured Optical Fibers

Zhengyong Liu and Hwa-Yaw Tam

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70755

Provisional chapter

Fabrication and Sensing Applications of Special
Microstructured Optical Fibers

Zhengyong Liu and Hwa-Yaw Tam

Additional information is available at the end of the chapter

Abstract

This chapter presents the fabrication of the special microstructured optical fibers (MOFs)
and the development of sensing applications based on the fabricated fibers. Particularly,
several types of MOFs including birefringent and photosensitive fibers will be introduced.
To fabricate the special MOFs, the stack-and-draw technique is employed to introduce
asymmetrical stress distribution in the fibers. The microstructure of MOFs includes con-
ventional hexagonal assembles, large-air hole structures, as well as suspended microfibers.
The birefringence of MOFs can reach up to 10�2 by designing the air hole structure
properly. Fiber Bragg gratings as well as Sagnac interferometers are developed based on
the fabricated special MOFs to conduct sensing measurement. Various sensing applica-
tions based on MOFs are introduced.

Keywords: microstructured optical fibers, MOFs, fiber sensor, interferometry, FBG

1. Introduction

Microstructured optical fibers (MOFs), which have air-hole structure along the fiber length,
have attracted tremendous attention in the development of novel fiber sensors for a multitude
of industry applications. Majority of the effort has been focused on silica photonic crystal fibers
(PCFs), which are composed of many air channels arranged in hexagonal (honeycomb) shape [1–
3]. Since Phillip St. Russel proposed the use of silica/air structure to design the fiber and realized
all-silica single mode PCF in 1990s [4, 5], significant advances were made in supercontinuum
generation [6–8], fiber lasers [9–11], as well as fiber-optic sensor [12–14]. More flexible fiber
design and different kinds of materials are used in MOFs, for example, using tellurite or chalco-
genide glass rather than pure silica glass [7] and suspended-core structure instead of honeycomb
arrangement [13]. Light is guided in PCFs by two principles, namely, the modified total internal
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reflection (M-TIR) and the photonic bandgap (PBG). Typically, fibers employing the M-TIR
principle have a solid core made of pure silica or silica doped with metal ions (e.g., Ge, Er, Yb,
Tm, Co), whereas PCFs using the PBG principle have hollow core. Even though the fiber core is
free of dopants or hollow, light can be confined in the core by cladding with periodic air-hole
structure due to the lower effective refractive index of cladding or the bandgap effect. The air-
hole structure or dopants of MOFs modified the mechanical and optical properties of the fibers,
and thus, the MOFs can be tailored to suit specific sensor requirements.

Physical parameters, such as strain, temperature, pressure, vibration, torsion, etc., have been
measured accurately using PCF-based sensors [15, 16]. Basically, the air-hole structure in
MOFs for sensing applications is designed to give the desired stress distribution in the fiber
so that the stress is enhanced by any external physical perturbation to the fiber, leading to
change of the effective index of the guided mode in the core. The stress change can be induced
either thermally or mechanically such as pulling, compression, and twist. Various kinds of
sensors can be implemented using such approach. For instance, polarization-maintaining PCFs
with an asymmetrical stress distribution provide an excellent option to construct Sagnac
interferometer for the measurement of oil pressure with very high sensitivity of 3.4 nm/MPa
[17]. On the other hand, the core in hollow-core PCFs can be filled with gas or analytes to
enhance the interaction between the materials in the hollow core and light to realize highly
sensitive gas and chemical sensors [18–20]. Alternatively, the air channels in the cladding of
index-guiding PCFs confining light via the M-TIR principle can be filled with the materials to
be sensed. The materials in the air holes change the index or stress distribution in the cladding
and modify the guided light in the core [21–23]. By selectively filling liquid into some of the air
holes, refractive index sensor with extremely high sensitivity = 12,750 nm/RIU was reported
[23]. The ease and flexibility of fabricating MOFs with different structures bring tremendous
opportunities in the development of fiber-optic sensors suited for a wide range of applications.

In this chapter, we present the fabrication techniques of some special MOFs and demonstrate
the sensing applications based on the fabricated fibers. The stack-and-draw approach is used
to make the fibers; however, specific modifications were introduced to obtain different air-hole
structures, especially to induce the asymmetrical stress distribution in the fiber to realize
highly sensitive pressure sensors. Various kinds of MOFs including twin-core PCF, high
birefringence PCF, suspended core fiber, suspended microfiber, as well as two semicircle holes
fiber were fabricated for sensing applications. MOF-based pressure sensors were fabricated
using fiber Bragg grating (FBG) and/or interferometry technique. Section 2 will present the
fabrication techniques used to fabricate our special MOFs. Section 3 describes the use of MOF
sensors for the oil and gas industry. The summary is given at the end of this chapter.

2. Fabrication and characterization of special microstructured optical
fibers

2.1. Fabrication of MOFs

Several approaches are being used to fabricate MOFs, including extrusion [24], casting/mold-
ing [25], mechanical drilling [26], and stack-and-draw [27]. The stack-and-draw technique is

Selected Topics on Optical Fiber Technologies and Applications2

the most versatile and flexible. This is because by stacking small capillaries, not only various
structures can be implemented but also different materials besides silica glass can be utilized.
Extrusion, casting, and drilling are widely used to make polymer or soft-glass MOFs due to the
much lower softening temperature of these materials. In contrast, it is easier to stack different
structures regardless of materials. In addition to fabricate conventional hexagonal air-hole
structures, more complicated superlattice structures can be fabricated using circular capillaries
that are arranged in patterns to approximate triangular holes, square holes, and elliptic holes
[27, 28]. We demonstrated the fabrication of superlattice PCFs using the stack-and-draw
technique [27] to realize elliptical holes in the cladding and its optical characteristics are
comparable to the design with ideal elliptical holes. Various designs of MOFs with either side
hole, two core, or suspended core were used to fabricate optical fiber sensors for different
sensing applications. Some of the circular capillaries arranged in hexagonal pattern can be
replaced by capillaries/rods of different diameters. The stack-and-draw method offers the
flexibility to fabricate a large variety of MOF sensors suited for different industries.

Figure 1 illustrates the process of fabricating a twin-core PCF (TC-PCF) using the stack-and-
draw technique. Hexagonal structure is the natural pattern when stacking circular capillaries
of equal diameter together. Typically, pure silica capillaries and rods are first drawn before the
stacking process. To fabricate PCFs with n-layer of air hole in hexagonal pattern, 3 n (n + 1) of
capillaries plus one rod for the central core are required. The stacked assemble can be secured
using tungsten wire and then fixed in position by melting some of the capillaries. Alternatively,
the entire assemble can be directly stacked inside a jacket tube, and the gaps are filled with
silica rods of various outer diameters.

Basically, two drawing stages are employed to fabricate MOFs, particularly for complicated
structures that have many layers of air holes. The first drawing stage is to draw the stacked
assembly into cane with the desired outer diameter of 1–2 mm, as illustrated in Figure 1(c). The

Figure 1. Illustration of the stack-and-draw method used in microstructured optical fibers (MOFs) fabrication.
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Fabrication and Sensing Applications of Special Microstructured Optical Fibers
http://dx.doi.org/10.5772/intechopen.70755

3



cane is then inserted into a jacket tube, forming a second preform. The final fiber is drawn from
the second preform, as shown in Figure 1(d). By using two drawing stages, the total reduction
ratio of diameter can be divided into two parts. Using smaller reduction ratio during the first
drawing stage, the stacked assemble can be drawn with minimal distortion from the desired
structure. For simple structures or structures with only a few large air holes, one drawing stage
is normally adequate. For the superlattice structure reported in Ref. [27], three drawing stages
were used, where the first drawn cane was used to make a second stack. To draw the MOFs
properly, the drawing temperature ≈ 1900�C is lower than that of pulling all silica single mode
fiber (SMF). The air hole would collapse if the drawing temperature is too high [29]. The
collapse ratio is inversely proportional to the viscosity and the ratio of drawing velocity over
feeding velocity (i.e., vdraw/vfeed). High temperature leads to low viscosity and ultimately large
collapse ratio. Collapse ratio equal to 1 means air holes completely collapse. Relatively fast
drawing velocity is preferable to maintain a certain tension to sustain the air-hole structure.
However, large tension also results in poor fiber strength, which makes the fiber fragile. Thus,
there is a trade-off to adjust the drawing temperature and tension. The control of tension and
temperature is particularly important for drawing MOFs with large air holes.

Figure 2 shows the scanning electronic microscopic (SEM) photos of the cross-section of some
fabricated MOFs in our lab using the stack-and-draw technique. By introducing air holes with
different diameters, the mechanical properties of the fiber can be modified. In particular, the
noncircularly symmetrical air-hole structure provides some degree of tailoring the stress

Figure 2. Scanning electronic microscopic photos of the cross section of the fabricated MOFs by using various stacking
strategies. The examples shown are (a) twin-core photonic crystal fiber (TC-PCF) [12], (b) six-hole suspended-core fiber
(SH-SCF), (c) high birefringence PCF (HB-PCF), (d) two-core HB-PCF, (e) superlattice PCF [27], (f) two semicircle hole
fiber, (g) high birefringence suspended-core fiber (HB-SCF) [13], and (h) single-ring suspended fiber [30].
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distribution in the fiber. Basically, the stress distribution of circularly symmetrical struc-
tures, including the standard single-mode optical fiber, is identical along the two polariza-
tion axes. MOFs with noncircularly symmetrical cross-section are birefringent. Figure 2(a)
shows a two-core MOF, where the optical coupling between the cores is affected by pres-
sure. Figure 2(b) shows a 6-hole MOF for the measurement of refractive-index changes of
fluid. The cores of the MOFs shown in Figure 2(c)–(g) are elliptical, and the fibers are highly
birefringent. Figure 2(h) shows a small-diameter fiber suspended inside a fiber and is
designed for vibration measurement.

2.2. Twin-core photonic crystal fiber

A twin-core PCF was developed as an alternative sensor to standard single-mode optical fiber
for pressure measurement. The air-hole structure of the TC-PCF is shown in Figure 2(a), where
two capillaries are replaced by two pure silica rods in the stacked assembly. The fabrication
process is described schematically in Figure 1, and details can be found in Ref. [12]. The fiber
was drawn at a temperature close to 1900 C. The outer diameter of the fiber is 125 μm, and
diameter of two cores is ~2.5 μm. The hole diameter is ~1.1 μm, and pitch is ~1.85 μm. As the
distance between the two cores is so close (~4 μm), the coupling effect between each other is
strong. The modes guided in each core are combined and known as supermodes, i.e., even and
odd modes [12, 31, 32]. Particularly in the fabricated TC-PCF, there are x-polarized even and
odd modes and y-polarized even and odd modes. Figure 3 shows the simulated mode profile
of these modes.

According to the coupling theory, the coupling length of even and odd modes at each polari-
zation (e.g. x polarization) can be written as

Lc λð Þ ¼ λ
2 np,x�even � np,x�odd
�� �� ¼

λ
2 Δnx,p
�� �� , (1)

where np,x-even and np,x-odd represent the phase effective index of the x-polarized even and odd
modes respectively, and Δnp,x stands for their difference. The effective index of each mode
changes with the stress distribution induced by the external environment (such as pressure
and strain), which eventually causes the corresponding change of coupling coefficient. As for

Figure 3. Simulated profiles of the electrical field for the x-polarized even and odd modes and y-polarized even and odd
modes supported in TC-PCF, where the arrows show the direction of the field (adapted from ref. [12], OSA).
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shows a two-core MOF, where the optical coupling between the cores is affected by pres-
sure. Figure 2(b) shows a 6-hole MOF for the measurement of refractive-index changes of
fluid. The cores of the MOFs shown in Figure 2(c)–(g) are elliptical, and the fibers are highly
birefringent. Figure 2(h) shows a small-diameter fiber suspended inside a fiber and is
designed for vibration measurement.

2.2. Twin-core photonic crystal fiber

A twin-core PCF was developed as an alternative sensor to standard single-mode optical fiber
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one polarization direction, the power coupled from one core to the other after propagating a
distance of L can be expressed as

Ix λð Þ ¼ sin 2 π
2Lc λð ÞL
� �

¼ sin 2 π
λ
Δnx,pL

� �
: (2)

Since the x and y polarization are orthogonal, the total output power of the transmission is the
sum of both polarizations, which is then expressed as

I λð Þ ¼ Ix λð Þ þ Iy λð Þ ¼ 1� cos
π
λ

Δnx,p þ Δny,p
� �

L
h i

� cos π
λ

Δnx,p � Δny,p
� �

L
h i

: (3)

It can be seen that the transmission spectrum of the TC-PCF is modulated due to the mutual
influence of the two polarizations. If considering a short wavelength range, the fringe spacing
can be approximated as

Δλ ¼ 2λ2

Δnx,g þ Δny,g
� �

L
: (4)

Here, Δnx,g and Δny,g are the group effective index difference of the even and odd modes of
x- and y-polarizations, respectively. The group index (ng) and phase index (np) have a relation-
ship of ng = np � λdnp/dλ. The calculated Δnx,g and Δny,g are 3.745�10�3 and 3.386�10�3,
respectively. The calculated fringe spacing for a 110-cm long TC-PCF is ~0.613 nm. In experi-
ment, the TC-PCF was spliced to two SMFs using manual splicing mode [33, 34]. A broadband
source (BBS) and optical spectrum analyzer (OSA) were utilized to monitor the transmission
spectrum of the output. To obtain high fringe contrast, an offset in the alignment and repeated
arc discharges are needed. Figure 4 shows the calculated and experimental transmission
spectrum. Both results show modulation on the interference. Besides, the fringe spacing
obtained experimentally is about 0.676 nm, which is also in good agreement with the calcu-
lated value. The obtained transmission spectrum of TC-PCF is sensitive to external physical
perturbation and can be employed as pressure sensors.

Figure 4. (a) Simulated and (b) experimental transmission spectra of a 110-cm long TC-PCF, adapted from ref. [12], OSA.
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2.3. High birefringence microstructured optical fiber

In addition to the multiple cores achieved by replacing certain capillaries during stacking,
capillaries with different inner diameters can be used to fabricate noncircularly symmetric air-
hole structures to introduce birefringence in MOFs. The effective index of the x-polarized mode
and y-polarized mode is different in birefringent MOFs. The birefringence of the fiber is defined
as the index difference of the two polarization modes (i.e., B = |nx � ny|). In optical fiber
communications, birefringent fiber is utilized to realize polarization maintaining. Commonly
used polarization-maintaining fibers (PMFs) have a bowtie, elliptical, or PANDA structures [35].
The main feature of these fibers is that there are two heavily doped parts in the cladding, e.g.,
PANDA fiber [36] or an elliptical core designed to induce noncircularly symmetric stress to the
core. The stress applying part in the cladding or the asymmetrical geometry of the fiber is
regarded as exterior stress to the fiber core, whereas the thermal expansion of the noncircularly
symmetric core yields interior stress to the core. The total birefringence of the fiber is composed
of the contributions from exterior stress, interior stress, or both, depending on the fiber type.

Similar concept is employed inMOFs. Unlike conventional PMFs, high birefringence MOFs (HB-
MOFs) exhibit the flexibility of modifying the fiber geometry and inducing exterior stress to the
core. MOF fabrication permits the ease of introducing various air-hole structures in the cladding
and breaks the circular symmetry of the fiber. Birefringence is an important property in fiber
sensors for the measurement of many physical parameters. PM-PCF has been demonstrated to
be a good candidate in the measurements of pressure [17], strain [37], temperature [38], torsion
[39], etc. Most of these applications are based on the commercially available PM-PCF from NKT
Photonics (PM-1550-01), which has a birefringence of ~4�10�4 at the wavelength of ~1550 nm.

The birefringence of MOFs allows for the construction of Sagnac interferometer (SI) by simply
splicing PM-PCF between two output ports of a 3-dB coupler. The 3-dB coupler splits the light
from one input port into two counter-propagating beams that interfere with each other at the
3-dB coupler after propagating through the PM-PCF, as shown in Figure 5(a). The phase
difference (ϕ) of the two polarization is 2πBL/λ, where B and L are the birefringence and
length of the fiber, respectively. At the valleys of the spectrum, the phase difference is always
equal to 2kπ (k is an integer). As for two adjacent valleys, the change of phase difference is 2π
and equals (dϕ/dλ)*Δλ, where Δλ is the wavelength difference of these two adjacent valleys.
Thus, the birefringence of one HB-MOF can be expressed by

G ¼ λ1 � λ2

Δλ � L , (5)

where λ1 and λ2 represents the two adjacent valley wavelengths and G is the group birefrin-
gence, which can be measured via the experimental SI spectrum. Figure 5(b) plots the spec-
trum of a typical SI constructed using in-house HB-PCF (shown in Figure 2(c)) having a length
of 5.5 cm. The wavelengths of two valleys close to 1550 nm are 1547.16 nm and 1550.66 nm.
The group birefringence of this fiber is calculated to be ~1.25�10�2.

The birefringence of the MOFs offers an alternative to conventional PMFs in the construction
of interferometric sensors using phase difference of two polarization modes propagating in the
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be a good candidate in the measurements of pressure [17], strain [37], temperature [38], torsion
[39], etc. Most of these applications are based on the commercially available PM-PCF from NKT
Photonics (PM-1550-01), which has a birefringence of ~4�10�4 at the wavelength of ~1550 nm.
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MOFs. The sensitivity of interferometric sensors is highly dependent on the birefringence
change induced by external perturbations. Therefore, the arrangement of the air-hole structure
that transfers the external perturbation to the optical mode in the core is important. We
designed and fabricated several types of MOFs to measure oil pressure and refractive index
of fluid for biomedical sensing. The sensitivity of the sensors varies greatly with the geometry
of the core and cladding, as well as the sensing principle employed in the sensors. In general,
interferometry-based sensors exhibit better sensitivity than grating-based sensors. However, in
interferometry-based sensors, the sensing information is encoded in the spectral dips/peaks,
which is much broader than the reflection peaks of grating-based sensors. Detecting the shift of
the dips/peaks of a broad spectrum accurately is more difficult, therefore could affect the
measurement accuracy. The sensing performance of different MOFs will be presented and
compared in the following two sections.

Figure 2(c)–(g) show the SEM photos of some of the MOFs with high birefringence fabricated
in our lab. As the air-hole structure is different, the birefringence of the fibers is not the same.
The phase and group birefringence of HB-PCF we fabricated (show in Figure 2(c)) are mea-
sured to be 1.1�10�2 and 1.25�10�2. Both values are in good agreement with the calculated
values of 1.4�10�2 using finite element method. The two large holes in the cross section of the
fiber shown in Figure 2(c) are slightly elongated, resulting in the desired noncircularly sym-
metric air-hole structure for high birefringent fiber. For index-guiding MOFs made of silica,
this fiber possesses the highest birefringence in reported literatures. Table 1 lists the compari-
son of our various HB-MOFs and others reported in the literatures.

Basically, elliptical core leads to higher birefringence because the two polarization modes are
along with the major and minor axis of the elliptical core, individually. Due to the feature that
optical mode is confined in the air for hollow-core PCF, even slight imperfection can influence
the light propagation significantly, such as the loss and modal profile. Thus, hollow-core PCF
with elliptical core exhibits very high birefringence even for small ellipticity. For example, the
elliptical core with an aspect ratio of 1.16 exhibits a group birefringence of 2.5�10�2 [52]. MOFs

Figure 5. (a) Schematic figure of the configuration of a typical Sagnac interferometer realized by HB-MOF and (b) interfer-
ence spectrum of a SI based on a 5.5-cm long in-house fabricated HB-PCF.
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made of other type of glass (e.g. SF57, Chalcogenide glass) also have large birefringence in the
order of 10�2, if the structure is optimized. Sensors with high birefringence allow the imple-
mentation of compact sensing configuration because shorter fiber can be used. The sensing
information of Sagnac interferometer is encoded in the wavelength shift of the interference
spectrum. The phase difference at one valley is equal to 2kπ, and the sensitivity, which is
defined as the wavelength shift per unit change in the measurand, can be expressed by

dλ
dX

¼ λ
G
∂B
∂X

, (6)

where X is the measurand, such as pressure, temperature, refractive index, etc., B is the modal
(phase) birefringence, and ∂B

∂X is the polarimetric sensitivity. Note that the length effect is
neglected in Eq. (6), which is not applied to the strain measurement. The strain is mainly

PM fiber type Description of the structure Reported date Measured
birefringence

HB PM-PCF, Figure 2(c) Two large holes close to an elliptical core May, 2013 [40] 1.25 � 10�2

Superlattice PCF, Figure 2(e) Superlattice with rhombic cell of 9 holes June, 2014 [27] 8.5 � 10�4

6-hole suspended-core fiber,
Figure 2(g)

Elliptical core suspended by 6 large air
holes

June, 2014 [13] 5 � 10�4

Semicircle hole fiber, Figure 2(f) Two large semicircle side holes August, 2017 1 � 10�4

Low-loss PM-PCF Two large air holes close to the core December, 2011 [41] 1.4 � 10�3

PANDA PMF Stress-applying parts with PANDA
shape

July, 1981 [42] 8.5 � 10�5

Bow-tie PMF Stress-applying parts with bow-tie shape November, 1982 [43] 4.87 � 10�4

First fabricated HB PCF Twofold rotational symmetry September, 2000 [44] 3.85 � 10�3

Side-hole fiber Two side holes with elliptical Ge-core September, 2008 [45] 1.39 � 10�4

HB MOF Irregular air holes with elliptical core July, 2007 [46] 1.1 � 10�2

Butterfly-type MOF Twofold air-hole structure with butterfly
shape

June, 2010 [47] 1.8 � 10�3

Squeezed lattice PCF Squeezed air holes with two big holes February, 2010 [48] 5.5 � 10�3

HB index-guiding PCF Elliptical core by achieved by replacing
two holes

June, 2001 [49] 9.3 � 10�4

Fiberized glass ridge waveguide Borosilicate glass-based fiberized ridge
waveguide

April, 2015 [50] 9.5 � 10�3

HB nonlinear MOF Small elliptical core July, 2004 [51] 7 � 10�3

Hollow-core PBGF Elliptical hollow core August, 2004 [52] 2.5 � 10�2

SF57 glass MOF at 1.06 μm
wavelength

Asymmetric structure with elliptical air
holes

May, 2017 [53] 9 �10�2

Chalcogenide glass PCF at 7.5 μm
wavelength

Two large air holes close to the core April, 2016 [54] 1.5 �10�3

Table 1. Comparison of birefringent MOFs reported in the literatures.
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sured to be 1.1�10�2 and 1.25�10�2. Both values are in good agreement with the calculated
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made of other type of glass (e.g. SF57, Chalcogenide glass) also have large birefringence in the
order of 10�2, if the structure is optimized. Sensors with high birefringence allow the imple-
mentation of compact sensing configuration because shorter fiber can be used. The sensing
information of Sagnac interferometer is encoded in the wavelength shift of the interference
spectrum. The phase difference at one valley is equal to 2kπ, and the sensitivity, which is
defined as the wavelength shift per unit change in the measurand, can be expressed by

dλ
dX

¼ λ
G
∂B
∂X

, (6)

where X is the measurand, such as pressure, temperature, refractive index, etc., B is the modal
(phase) birefringence, and ∂B

∂X is the polarimetric sensitivity. Note that the length effect is
neglected in Eq. (6), which is not applied to the strain measurement. The strain is mainly

PM fiber type Description of the structure Reported date Measured
birefringence

HB PM-PCF, Figure 2(c) Two large holes close to an elliptical core May, 2013 [40] 1.25 � 10�2

Superlattice PCF, Figure 2(e) Superlattice with rhombic cell of 9 holes June, 2014 [27] 8.5 � 10�4

6-hole suspended-core fiber,
Figure 2(g)

Elliptical core suspended by 6 large air
holes

June, 2014 [13] 5 � 10�4

Semicircle hole fiber, Figure 2(f) Two large semicircle side holes August, 2017 1 � 10�4

Low-loss PM-PCF Two large air holes close to the core December, 2011 [41] 1.4 � 10�3

PANDA PMF Stress-applying parts with PANDA
shape

July, 1981 [42] 8.5 � 10�5

Bow-tie PMF Stress-applying parts with bow-tie shape November, 1982 [43] 4.87 � 10�4

First fabricated HB PCF Twofold rotational symmetry September, 2000 [44] 3.85 � 10�3

Side-hole fiber Two side holes with elliptical Ge-core September, 2008 [45] 1.39 � 10�4

HB MOF Irregular air holes with elliptical core July, 2007 [46] 1.1 � 10�2

Butterfly-type MOF Twofold air-hole structure with butterfly
shape

June, 2010 [47] 1.8 � 10�3

Squeezed lattice PCF Squeezed air holes with two big holes February, 2010 [48] 5.5 � 10�3

HB index-guiding PCF Elliptical core by achieved by replacing
two holes

June, 2001 [49] 9.3 � 10�4

Fiberized glass ridge waveguide Borosilicate glass-based fiberized ridge
waveguide

April, 2015 [50] 9.5 � 10�3

HB nonlinear MOF Small elliptical core July, 2004 [51] 7 � 10�3

Hollow-core PBGF Elliptical hollow core August, 2004 [52] 2.5 � 10�2

SF57 glass MOF at 1.06 μm
wavelength

Asymmetric structure with elliptical air
holes

May, 2017 [53] 9 �10�2

Chalcogenide glass PCF at 7.5 μm
wavelength

Two large air holes close to the core April, 2016 [54] 1.5 �10�3

Table 1. Comparison of birefringent MOFs reported in the literatures.
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caused by elongation and thus needs to be taken into account to estimate the sensitivity, which
can be formulated by considering the length, and the equation becomes

dλ
dε

¼ λ � ∂B1 λ; εð Þ=∂εþ B1 λ; εð Þ½ �
G1 λ; εð Þ þ 1=α� 1ð Þ � G2 λð Þ , (7)

where B1(λ,ε) and G1(λ,ε) are the phase and group modal birefringence for the MOF section
under stressed, G2(λ) is the group modal birefringence for the MOF section without strain
applied, and α is the ratio of fiber section under strain over total length of the MOF. Different
air-hole structures give different values of birefringence derivative with respect to the
measurands; therefore, it is important to design the MOFs with the desirable birefringence
derivative to optimize the sensing performance. In terms of the form of wavelength shift, the
sensitivity is inversely proportional to the birefringence. The key consideration to achieve high
sensitivity is to have large-phase birefringence change with measurands but relatively low-
group birefringence.

2.4. Sensors based on fiber Bragg grating inscribed in MOFs

The ease and flexibility of fabrication of birefringent MOFs result in the increasing use of these
fibers in Sagnac interferometric sensors. Fiber Bragg gratings can be inscribed in MOFs to
increase their sensing capabilities. However, it is more difficult to inscribe FBGs in the MOFs
compare to SMFs due to the existence of the air holes that diffract the UV light needed to write
gratings. UV light at 193, 248, 213, and 266 nm, as well as femtosecond laser [55–57], is being
used to inscribe FBGs in various types of MOFs. 193 nm lasers [56] and femtosecond lasers
were used to write FBGs in nonphotosensitive MOFs. These lasers induced physical deforma-
tion in the fiber cores. FBG written on MOFs using femtosecond laser can be used for high
temperature measurement up to 800�C [56]. There are two reflective peaks instead of one peak
in the reflection spectrum of an FBG inscribed in birefringent fibers [40, 58, 59]. The separation
of these two peaks is directly related to the fiber birefringence.

It is easy to introduce photosensitivity in MOFs by using a germanium-doped rod during the
stacking stage. Gratings can be inscribed in MOFs using UV light, and the ease of grating
inscription depends on the air-hole patterns. Figure 6 shows the reflection spectrum of an FBG
inscribed in a six-hole suspended-core fiber (SCF) and HB PCF fabricated in our lab. The SEMs
of their cross-section are shown in the insets. By optimizing the inscription system, very strong
FBGs can be achieved. Owing to the ultrahigh-phase birefringence (~1.1�10�2), the two reflec-
tive peaks of FBG inscribed in HB PCF show very large wavelength separation of more than
10 nm which is much larger than that in the commercial PM-PCF (0.5 nm) [59] and the HB
MOFs (2.1 nm) reported in Ref. [58]. Two peaks with large separation allow for simultaneous
measurement of temperature and pressure because the stress transferred to the core along the
two polarization axes is different when subjected to pressure.

The FBG inscribed in the six-hole suspended-core fiber can be employed to measure strain and
temperature. The measured strain sensitivity is about 0.96 pm/μm, which is close to that of
SMF. Since the germanium is doped in the core as in SMF, similar temperature sensitivity of
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10.7�C was measured. However, the pressure sensitivity of the FBG inscribed in the fiber was
measured to be 8.2 pm/MPa, which is higher than that of SMFs, which is ~3.1 pm/MPa [60].
This improvement is due to the six air holes, and further increase in the sensitivity is possible
by using larger air holes, as demonstrated in [61]. We designed and fabricated a single-ring
suspended fiber, as shown in Figure 2(h), to increase the pressure sensitivity. The measured
pressure sensitivity using FBG on this fiber is about 18 pm/MPa, more than 5 times higher than
that of standard SMFs.

In addition, the large air holes of MOFs permit materials to be filled in the cladding to
functionalize MOFs into a large variety of sensors. For example, low-temperature melting
point metal was filled into the air holes of the six-hole SCF to function as anemometer to
measure wind speed [22]. The metal absorbs energy from light propagating in the six-hole
SCF, and the FBG inscribed in the core measures the temperature change. The cooling rate of
the metal/FBG is directly related to the wind speed. Due to the large optical absorption of
metal, the heating efficiency is very high, i.e., ~7.3�C/mW. Laser power as low as 14 mW is
sufficient to heat the metal/FBG up to 100�C. This is more efficient than the heating process
using Co2+-doped fiber as we have demonstrated in [62].

3. Sensing applications of MOFs in the oil and gas industry

The demand for fiber optic sensors in the oil/gas industry comes from the harsh downhole
conditions and the depth of oil wells which can be as deep as 12 km. The great distance
coupled with the high pressure (up to 100 MPa) and temperature (more than 200�C) of oil in
downholes restricts the use of conventional sensors. However, the intrinsic features of optical
fiber sensors such as long distance transmission, immune to EMI, and high operating temper-
ature make it a promising candidate for the oil industry. The use of multiple FBGs distributed
along a single strand of SMF has been employed in oil monitoring. Key parameters like
pressure, temperature, and flow speed are widely measured in oil wells [63, 64]. In such

Figure 6. Reflection spectrum of an FBG inscribed in the (a) photosensitive six-hole SCF and (b) HB PCF, adapted from
ref. [40], OSA. The insets show the SEM photos of the cross section of the fabricated fibers.
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caused by elongation and thus needs to be taken into account to estimate the sensitivity, which
can be formulated by considering the length, and the equation becomes

dλ
dε

¼ λ � ∂B1 λ; εð Þ=∂εþ B1 λ; εð Þ½ �
G1 λ; εð Þ þ 1=α� 1ð Þ � G2 λð Þ , (7)

where B1(λ,ε) and G1(λ,ε) are the phase and group modal birefringence for the MOF section
under stressed, G2(λ) is the group modal birefringence for the MOF section without strain
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measurands; therefore, it is important to design the MOFs with the desirable birefringence
derivative to optimize the sensing performance. In terms of the form of wavelength shift, the
sensitivity is inversely proportional to the birefringence. The key consideration to achieve high
sensitivity is to have large-phase birefringence change with measurands but relatively low-
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used to inscribe FBGs in various types of MOFs. 193 nm lasers [56] and femtosecond lasers
were used to write FBGs in nonphotosensitive MOFs. These lasers induced physical deforma-
tion in the fiber cores. FBG written on MOFs using femtosecond laser can be used for high
temperature measurement up to 800�C [56]. There are two reflective peaks instead of one peak
in the reflection spectrum of an FBG inscribed in birefringent fibers [40, 58, 59]. The separation
of these two peaks is directly related to the fiber birefringence.

It is easy to introduce photosensitivity in MOFs by using a germanium-doped rod during the
stacking stage. Gratings can be inscribed in MOFs using UV light, and the ease of grating
inscription depends on the air-hole patterns. Figure 6 shows the reflection spectrum of an FBG
inscribed in a six-hole suspended-core fiber (SCF) and HB PCF fabricated in our lab. The SEMs
of their cross-section are shown in the insets. By optimizing the inscription system, very strong
FBGs can be achieved. Owing to the ultrahigh-phase birefringence (~1.1�10�2), the two reflec-
tive peaks of FBG inscribed in HB PCF show very large wavelength separation of more than
10 nm which is much larger than that in the commercial PM-PCF (0.5 nm) [59] and the HB
MOFs (2.1 nm) reported in Ref. [58]. Two peaks with large separation allow for simultaneous
measurement of temperature and pressure because the stress transferred to the core along the
two polarization axes is different when subjected to pressure.

The FBG inscribed in the six-hole suspended-core fiber can be employed to measure strain and
temperature. The measured strain sensitivity is about 0.96 pm/μm, which is close to that of
SMF. Since the germanium is doped in the core as in SMF, similar temperature sensitivity of
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10.7�C was measured. However, the pressure sensitivity of the FBG inscribed in the fiber was
measured to be 8.2 pm/MPa, which is higher than that of SMFs, which is ~3.1 pm/MPa [60].
This improvement is due to the six air holes, and further increase in the sensitivity is possible
by using larger air holes, as demonstrated in [61]. We designed and fabricated a single-ring
suspended fiber, as shown in Figure 2(h), to increase the pressure sensitivity. The measured
pressure sensitivity using FBG on this fiber is about 18 pm/MPa, more than 5 times higher than
that of standard SMFs.

In addition, the large air holes of MOFs permit materials to be filled in the cladding to
functionalize MOFs into a large variety of sensors. For example, low-temperature melting
point metal was filled into the air holes of the six-hole SCF to function as anemometer to
measure wind speed [22]. The metal absorbs energy from light propagating in the six-hole
SCF, and the FBG inscribed in the core measures the temperature change. The cooling rate of
the metal/FBG is directly related to the wind speed. Due to the large optical absorption of
metal, the heating efficiency is very high, i.e., ~7.3�C/mW. Laser power as low as 14 mW is
sufficient to heat the metal/FBG up to 100�C. This is more efficient than the heating process
using Co2+-doped fiber as we have demonstrated in [62].

3. Sensing applications of MOFs in the oil and gas industry

The demand for fiber optic sensors in the oil/gas industry comes from the harsh downhole
conditions and the depth of oil wells which can be as deep as 12 km. The great distance
coupled with the high pressure (up to 100 MPa) and temperature (more than 200�C) of oil in
downholes restricts the use of conventional sensors. However, the intrinsic features of optical
fiber sensors such as long distance transmission, immune to EMI, and high operating temper-
ature make it a promising candidate for the oil industry. The use of multiple FBGs distributed
along a single strand of SMF has been employed in oil monitoring. Key parameters like
pressure, temperature, and flow speed are widely measured in oil wells [63, 64]. In such

Figure 6. Reflection spectrum of an FBG inscribed in the (a) photosensitive six-hole SCF and (b) HB PCF, adapted from
ref. [40], OSA. The insets show the SEM photos of the cross section of the fabricated fibers.
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circumstances, high pressure can cause large irretrievable disasters during oil exploitation and
oil transportation. Therefore, it is of great importance to measure pressure, and MOFs are
potential candidates to enhance the capabilities of optical fiber sensors used in the oil industry.

The stress distribution around the core of MOFs can be tailored via the air-hole pattern to
enhance the MOFs’ sensitivity to pressure. The application of pressure to MOFs leads to large
compression stress in the fiber core where optical light propagates. Good performance in terms
of sensitivity, resolution, as well as fast response can be achieved by properly designing the
structure of the MOFs.

The basic principle that permits fiber sensors to measure pressure is the photoelastic effect of
silica glass. When subjected to pressure, fiber sensors regardless of the use of different operat-
ing principles, the silica fiber shows the corresponding dependence on the change in pressure.
Particularly, the refractive index of the core/cladding of MOFs varies with applied pressure,
which can be expressed as
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where ni is the index component in ith direction (i = x, y, z), σi represents the corresponding stress
component, and n0 is the silica index without pressure applied. The constants C1 and C2 are the
stress-optic coefficient for silica glass and have values of 6.5 � 10�13 and 4.2 � 10�12 m2/N,
respectively. The change in refractive index induced by pressure is determined by the above
equation. The pressure-induced change in index is taken into account to calculate the guided
mode in MOFs. Either FBGs or interferometry is employed to make pressure sensors, and the
stress transfer mechanism is similar. However, in terms of the polarimetric approach based on
high birefringence MOFs as introduced in Section 2.3, the resultant pressure sensors that employ
the index difference of two polarized modes exhibit better sensitivity.

Figure 7 plots the results of oil pressure measurement using FBGs written on conventional
SMF and single-ring suspended fiber (shown in Figure 2(h)) with various outer diameters. The
single-ring suspended fiber differs from SMF because of the large air region in the fiber,
resulting in high air-filling ratio (AFR). AFR of SMF can be regarded as 0, as no air holes exist
in the fiber. Typically, higher AFR gives better sensitivity [61]. The measured results using FBG
on single-ring suspended fiber show a large improvement (five times) of pressure sensitivity
compared to that obtained on SMF. Furthermore, by etching the cladding of the fiber, smaller
outer diameter of this MOFmeans higher AFR and consequently further increases the pressure
sensitivity from �18 to �21 pm/MPa.

In addition to improvement in sensitivity, MOFs enable simultaneous measurement of pressure
and temperature by using FBG inscribed in high birefringence fiber. As shown in Figure 6(b), the
two distinct peaks occurred in the reflection spectrum have a wide wavelength separation due
to the large fiber birefringence. The separation is more than 10 nm for this MOF, which has a
measured birefringence of 1.1 � 10�2. Two-parameter measurement tends to be easier when
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utilizing two peaks with large separation. Figure 8(a) shows the pressure responses of the two
modes polarized in fast and slow axes, corresponding to the two FBG peaks located at shorter
and longer wavelength, which gives sensitivities of �1.9 pm/MPa for the fast axis peak and
�5.1 pm/MPa for the slow axis peak [40]. The different pressure responses obtained from the
fast and slow axis peaks are due to the asymmetrical air hole structure, which breaks the
uniformity of the pressure-induced stress. Therefore, the stress change along the fast axis is

Figure 7. Pressure response of FBGs inscribed in SMF and MOFs.

Figure 8. (a) Pressure response of FBG written in the HB-PCF fabricated in our laboratory, where the fast and slow axis
peaks show different responses, (b) temperature dependence of the two axes (adapted from Ref. [40], OSA).

Fabrication and Sensing Applications of Special Microstructured Optical Fibers
http://dx.doi.org/10.5772/intechopen.70755

13



circumstances, high pressure can cause large irretrievable disasters during oil exploitation and
oil transportation. Therefore, it is of great importance to measure pressure, and MOFs are
potential candidates to enhance the capabilities of optical fiber sensors used in the oil industry.

The stress distribution around the core of MOFs can be tailored via the air-hole pattern to
enhance the MOFs’ sensitivity to pressure. The application of pressure to MOFs leads to large
compression stress in the fiber core where optical light propagates. Good performance in terms
of sensitivity, resolution, as well as fast response can be achieved by properly designing the
structure of the MOFs.

The basic principle that permits fiber sensors to measure pressure is the photoelastic effect of
silica glass. When subjected to pressure, fiber sensors regardless of the use of different operat-
ing principles, the silica fiber shows the corresponding dependence on the change in pressure.
Particularly, the refractive index of the core/cladding of MOFs varies with applied pressure,
which can be expressed as
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where ni is the index component in ith direction (i = x, y, z), σi represents the corresponding stress
component, and n0 is the silica index without pressure applied. The constants C1 and C2 are the
stress-optic coefficient for silica glass and have values of 6.5 � 10�13 and 4.2 � 10�12 m2/N,
respectively. The change in refractive index induced by pressure is determined by the above
equation. The pressure-induced change in index is taken into account to calculate the guided
mode in MOFs. Either FBGs or interferometry is employed to make pressure sensors, and the
stress transfer mechanism is similar. However, in terms of the polarimetric approach based on
high birefringence MOFs as introduced in Section 2.3, the resultant pressure sensors that employ
the index difference of two polarized modes exhibit better sensitivity.

Figure 7 plots the results of oil pressure measurement using FBGs written on conventional
SMF and single-ring suspended fiber (shown in Figure 2(h)) with various outer diameters. The
single-ring suspended fiber differs from SMF because of the large air region in the fiber,
resulting in high air-filling ratio (AFR). AFR of SMF can be regarded as 0, as no air holes exist
in the fiber. Typically, higher AFR gives better sensitivity [61]. The measured results using FBG
on single-ring suspended fiber show a large improvement (five times) of pressure sensitivity
compared to that obtained on SMF. Furthermore, by etching the cladding of the fiber, smaller
outer diameter of this MOFmeans higher AFR and consequently further increases the pressure
sensitivity from �18 to �21 pm/MPa.

In addition to improvement in sensitivity, MOFs enable simultaneous measurement of pressure
and temperature by using FBG inscribed in high birefringence fiber. As shown in Figure 6(b), the
two distinct peaks occurred in the reflection spectrum have a wide wavelength separation due
to the large fiber birefringence. The separation is more than 10 nm for this MOF, which has a
measured birefringence of 1.1 � 10�2. Two-parameter measurement tends to be easier when
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utilizing two peaks with large separation. Figure 8(a) shows the pressure responses of the two
modes polarized in fast and slow axes, corresponding to the two FBG peaks located at shorter
and longer wavelength, which gives sensitivities of �1.9 pm/MPa for the fast axis peak and
�5.1 pm/MPa for the slow axis peak [40]. The different pressure responses obtained from the
fast and slow axis peaks are due to the asymmetrical air hole structure, which breaks the
uniformity of the pressure-induced stress. Therefore, the stress change along the fast axis is

Figure 7. Pressure response of FBGs inscribed in SMF and MOFs.

Figure 8. (a) Pressure response of FBG written in the HB-PCF fabricated in our laboratory, where the fast and slow axis
peaks show different responses, (b) temperature dependence of the two axes (adapted from Ref. [40], OSA).
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smaller than that in the slow axis due to the existence of two large air holes. However, the
temperature dependence of the two polarized modes are the same, about 10 pm/�C, as shown
in Figure 8(b). Such discrimination in pressure and temperature allows the simultaneous
measurement of these two parameters. The change in pressure and temperature can be calcu-
lated according to the total wavelength shift of the fast and slow axis grating peak via the
following equation

ΔT
ΔP
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where Δλs and Δλf are the total wavelength shift for the slow and fast axis grating peaks due to
changes in the applied pressure and temperature, respectively.

The pressure sensitivity of FBG sensors is very small, varying from a few to tens of pm/MPa
even if special MOFs are employed. The low sensitivity is due to the slight modal index
change with respect to pressure. On the other hand, the sensitivity can be improved signif-
icantly by applying the polarimetric approaches based on high birefringence MOFs. For
example, SI or rocking filter pressure sensors exhibit much higher sensitivity in pressure
measurement [65, 66]. The construction of a SI sensor is shown in Figure 5(a), where the
MOF is subjected to oil pressure. The oil pressure sensitivity demonstrated by a PM-PCF

Figure 9. Hydrostatic oil pressure response of Sagnac interferometer realized using HB-SCF [13], (2014 IEEE) and two
semicircle hole fiber.
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commercially available from NKT Photonics, Inc. is 3.24 nm/MPa at ~1550 nm [67]. The
pressure sensitivity of a SI pressure sensor can be written as

dλ
dP

¼ λ
G
dB
dP

, (10)

where the derivative dB/dP represents the phase birefringence change with respect to applied
pressure, which means the index difference of two polarized modes is considered rather than
only one mode as in the case of FBG sensor. This value can be improved easily by using
noncircularly symmetric structure. Figure 9 shows the wavelength shift as a function of the
applied pressure on the highly birefringent MOFs, where (a) plots the results for HB-SCF and
(b) is the pressure response for the two semicircle hole fiber. Both measurements are based on
SI configuration. The measured pressure sensitivity is ~2.8 nm/MPa using HB-SCF, which is
comparable to the commercial PM-PCF. However, the fabrication of HB-SCF is much easier
than PM-PCF that has a lot of air holes in honeycomb arrangement [13]. On the other hand, the
sensitivity improvement is significant by using the design of two semicircle hole structure,
which was measured to be 44 nm/MPa, about 13 times larger than that achieved with com-
mercial PM-PCF. Such great increase owes to the relatively low birefringence (i.e., small G), as
well as the cutoff of fast axis by two large semicircle holes (i.e., large dB/dP).

4. Conclusion

To conclude the chapter, several novel structures of optical fibers are proposed and demon-
strated for sensing applications. The sensing performance is comparable to and better than
most sensors developed based on traditional single-mode fibers (SMFs). The basic fabrication
method is briefly reviewed, especially to introduce the asymmetrical stress distribution to
MOFs. Due to the novel structure of MOFs, it also exhibits unique feature that SMF does not
possess, for instance, the high birefringence. Different air hole structures of MOFs exhibit
various mechanical and optical properties that are employed to develop the sensors. The
ultrahigh birefringence of HB-PCF can be ~1.2�10�2, which is the highest one for the fabri-
cated index-guiding PCFs. The pressure sensor based on the fabricated two semicircle hole
MOF shows very high sensitivity >40 nm/MPa by constructing a Sagnac interferometer. Those
sensors can find good applications in oil and gas industry, as well as the biomedical detection.
The demonstrated MOFs can give full understanding of developing sensors to measure phys-
ical and biomedical parameters, in terms of the design, fabrication of the MOFs, and the
approaches to configure sensors.
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smaller than that in the slow axis due to the existence of two large air holes. However, the
temperature dependence of the two polarized modes are the same, about 10 pm/�C, as shown
in Figure 8(b). Such discrimination in pressure and temperature allows the simultaneous
measurement of these two parameters. The change in pressure and temperature can be calcu-
lated according to the total wavelength shift of the fast and slow axis grating peak via the
following equation
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changes in the applied pressure and temperature, respectively.
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even if special MOFs are employed. The low sensitivity is due to the slight modal index
change with respect to pressure. On the other hand, the sensitivity can be improved signif-
icantly by applying the polarimetric approaches based on high birefringence MOFs. For
example, SI or rocking filter pressure sensors exhibit much higher sensitivity in pressure
measurement [65, 66]. The construction of a SI sensor is shown in Figure 5(a), where the
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commercially available from NKT Photonics, Inc. is 3.24 nm/MPa at ~1550 nm [67]. The
pressure sensitivity of a SI pressure sensor can be written as
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where the derivative dB/dP represents the phase birefringence change with respect to applied
pressure, which means the index difference of two polarized modes is considered rather than
only one mode as in the case of FBG sensor. This value can be improved easily by using
noncircularly symmetric structure. Figure 9 shows the wavelength shift as a function of the
applied pressure on the highly birefringent MOFs, where (a) plots the results for HB-SCF and
(b) is the pressure response for the two semicircle hole fiber. Both measurements are based on
SI configuration. The measured pressure sensitivity is ~2.8 nm/MPa using HB-SCF, which is
comparable to the commercial PM-PCF. However, the fabrication of HB-SCF is much easier
than PM-PCF that has a lot of air holes in honeycomb arrangement [13]. On the other hand, the
sensitivity improvement is significant by using the design of two semicircle hole structure,
which was measured to be 44 nm/MPa, about 13 times larger than that achieved with com-
mercial PM-PCF. Such great increase owes to the relatively low birefringence (i.e., small G), as
well as the cutoff of fast axis by two large semicircle holes (i.e., large dB/dP).

4. Conclusion

To conclude the chapter, several novel structures of optical fibers are proposed and demon-
strated for sensing applications. The sensing performance is comparable to and better than
most sensors developed based on traditional single-mode fibers (SMFs). The basic fabrication
method is briefly reviewed, especially to introduce the asymmetrical stress distribution to
MOFs. Due to the novel structure of MOFs, it also exhibits unique feature that SMF does not
possess, for instance, the high birefringence. Different air hole structures of MOFs exhibit
various mechanical and optical properties that are employed to develop the sensors. The
ultrahigh birefringence of HB-PCF can be ~1.2�10�2, which is the highest one for the fabri-
cated index-guiding PCFs. The pressure sensor based on the fabricated two semicircle hole
MOF shows very high sensitivity >40 nm/MPa by constructing a Sagnac interferometer. Those
sensors can find good applications in oil and gas industry, as well as the biomedical detection.
The demonstrated MOFs can give full understanding of developing sensors to measure phys-
ical and biomedical parameters, in terms of the design, fabrication of the MOFs, and the
approaches to configure sensors.
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Abstract

Photonic crystal fibers (PCFs), also known as microstructured optical fibers, are a
highlighted invention of optical fiber technology which have unveiled a new domain of
manipulating light in engineered fiber waveguides with unparalleled flexibility and
controllability. Since the report of the first fabricated PCF in 1996, research in PCFs has
resulted in numerous explorations, development and commercialization of PCF-based
technologies and applications. PCFs contain axially aligned air channels which provide
a large degree of freedom in design to achieve a variety of peculiar properties; numerous
PCF-based sensors have been proposed, developed and demonstrated for a broad range
of sensing applications. In this chapter, we will review the field of research on design,
development and experimental achievement of PCF-based interferometric sensors for
physical and biomedical sensing applications.

Keywords: photonic crystal fibers, interferometry, fiber optic sensors, Fabry-Perot
interferometer, Mach-Zehnder interferometer, Michelson interferometer, Sagnac
interferometer

1. Background

Optical fiber interferometric sensors have been widely used for various sensing applications
and characterization of physical magnitudes. The advantages provided by optical fibers have
been well recognized and utilized in interferometric sensor applications, which include com-
pactness, alignment freedom from free space optics, high sensitivity, high reliability etc. [1].
Photonics crystal fibers (PCFs), a highlighted fiber technology that was first invented and
demonstrated in 1996, have brought breakthroughs in communications, sensing, defense and
medicine [2]. These fibers have demonstrated superior features in many applications and
created substantial scientific and industrial impact in recent years. In the past decade, PCFs
have received intensive and continuous attention, and undergone rapid development from
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been well recognized and utilized in interferometric sensor applications, which include com-
pactness, alignment freedom from free space optics, high sensitivity, high reliability etc. [1].
Photonics crystal fibers (PCFs), a highlighted fiber technology that was first invented and
demonstrated in 1996, have brought breakthroughs in communications, sensing, defense and
medicine [2]. These fibers have demonstrated superior features in many applications and
created substantial scientific and industrial impact in recent years. In the past decade, PCFs
have received intensive and continuous attention, and undergone rapid development from
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design and fabrication to device realization and commercialization. Compared to conventional
optical fibers, PCFs represent a more versatile platform to construct interferometry sensors
because of enhanced flexibility in manipulating optical properties and light-medium interac-
tions. Various PCF structures, such as polarization-maintaining (PM) PCFs, photonic bandgap
(PBG) PCFs including hollow core (HC) PCFs and all-solid PBG PCFs, Bragg fibers, large mode
area (LMA) PCFs and highly nonlinear PCFs have been demonstrated with good potential in
developing interferometric fiber sensors. PCFs can provide a platform for integration of mate-
rials such as gas, fluid or metals for additional functionality. For example, PCFs have been
exploited for optofluidic sensing and gas sensing applications utilizing the selective or unse-
lective infiltration of fluid or gas in the holey structures [3]. In addition, they are a desirable
platform for the incorporation of plasmonic structures that can enhance application opportu-
nities in terms of performance as well as versatility. Integration of plasmonic structures such as
metal nanoparticles, metal nanowires, and metal thin films in PCF structures have proven to
substantially improve sensor performance, e.g. sensitivity [4]. The continuing development
and maturation of PCF technologies and PCF-based interferometric sensors are expected to
make more contributions to optical fiber technology and real world applications [5].

2. Overview of PCF-based interferometric sensors

In this chapter, various configurations of interferometry sensors based on PCFs and their sensing
applications are demonstrated, namely Fabry-Perot interferometer (FPI), Mach Zehnder interfer-
ometer (MZI), Michelson interferometer and Sagnac interferometer. Compared to standard opti-
cal fibers, PCF structures possess many interesting characteristics and tunable properties which
are highly desirable when constructing interferometric sensors with enhanced performance.

2.1. Fabry-Perot interferometer (FPI)

A Fabry-Perot interferometer is comprised of a cavity (or etalon) made of two highly reflective
surfaces/mirrors which enable light propagating down the fiber to be partially reflected. The
transmitted, and subsequently, reflected beams will form an interference pattern due to the
difference in phase delay.

The reflection coefficients, Ri, at the mirrors can be defined by [6]:

Ri ¼ ni � niþ1

ni þ niþ1

�2

, i ¼ 1, 2, 3,…

 
(1)

where ni is the refractive index of the cavity and surrounding medium.

The phase difference, δ, of the interferometer can be represented by [1]:

δ ¼ 2π
λ

n2L (2)

where λ is the incident light wavelength and L is the physical length of the cavity.
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FPIs can typically be classed as either extrinsic or intrinsic, depending on their make-up.
Extrinsic FPIs (EFPI), as shown in Figure 1(a), use the air gap between two fibers and reflects
light between the cleaved ends. The cavity of intrinsic FPIs (IFPI) is formed within the fiber
itself, where the two reflectors lie along the length of the fiber [1], as shown in Figure 1(b), (c).
IFPIs can have advantages over EFPIs such as higher coupling efficiency.

For IFPIs, the etalon/cavity can be formed by fusion splicing a section of HC-PCF, which acts as
the cavity, between two lengths of single mode fiber with cleaved end surfaces [7]. This
configuration allows for a customizable cavity length, which can be a few micrometers or a
few centimeters long [7]. Villatoro . presented a spherical FP cavity by means of a microscopic
air bubbles (20–58 μm diameters) fabricated via arc discharge between a standard SMF and a
PCF. This technique can reduce the number of steps required for fabricating FPIs [8]. Favero
et al. [9] pressurized the holes in the PCF to produce reproducible elliptical bubbles with
controllable cavity dimensions.

Hu et al. [6] were able to realize a refractive index tip sensor used in reflection mode. This
sensor was based on a hollow silica sphere with a thin silica wall being formed at one end of a
simplified HCF via means of arc discharge, as shown in Figure 2. The reflected spectrum was
modulated by the interaction between the sensor head and the environment (refractive index
(RI) and temperature). A RI resolution of 6.2 � 10�5, using fringe visibility (Figure 2 (c)), was
determined and the temperature sensitivity for the high and low frequency fringes were 1.3
and 17 pm/�C, respectively (Figure 2 (d)), at temperatures up to ~1000�C.

Micro FP cavities can offer low cross sensitivity with temperature, yet high RI sensitivity. A RI
sensor was realized by drilling micro-holes into a simplified hollow core (SHC) PCF micro

Figure 1. (a) The schematic of an extrinsic Fabry-Perot interferometer; (b) the schematic of an intrinsic Fabry-Perot
interferometer; (c) the schematic of an intrinsic Fabry-Perot interferometer working in reflection mode. Ri represents the
reflective surfaces and L is the length of the cavity.
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and maturation of PCF technologies and PCF-based interferometric sensors are expected to
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Extrinsic FPIs (EFPI), as shown in Figure 1(a), use the air gap between two fibers and reflects
light between the cleaved ends. The cavity of intrinsic FPIs (IFPI) is formed within the fiber
itself, where the two reflectors lie along the length of the fiber [1], as shown in Figure 1(b), (c).
IFPIs can have advantages over EFPIs such as higher coupling efficiency.

For IFPIs, the etalon/cavity can be formed by fusion splicing a section of HC-PCF, which acts as
the cavity, between two lengths of single mode fiber with cleaved end surfaces [7]. This
configuration allows for a customizable cavity length, which can be a few micrometers or a
few centimeters long [7]. Villatoro . presented a spherical FP cavity by means of a microscopic
air bubbles (20–58 μm diameters) fabricated via arc discharge between a standard SMF and a
PCF. This technique can reduce the number of steps required for fabricating FPIs [8]. Favero
et al. [9] pressurized the holes in the PCF to produce reproducible elliptical bubbles with
controllable cavity dimensions.

Hu et al. [6] were able to realize a refractive index tip sensor used in reflection mode. This
sensor was based on a hollow silica sphere with a thin silica wall being formed at one end of a
simplified HCF via means of arc discharge, as shown in Figure 2. The reflected spectrum was
modulated by the interaction between the sensor head and the environment (refractive index
(RI) and temperature). A RI resolution of 6.2 � 10�5, using fringe visibility (Figure 2 (c)), was
determined and the temperature sensitivity for the high and low frequency fringes were 1.3
and 17 pm/�C, respectively (Figure 2 (d)), at temperatures up to ~1000�C.
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cavity using a femtosecond laser to allow the analyte to enter the cavity [10]. A RI sensitivity of
~851 nm/RIU and a low cross sensitivity with temperature of ~3.2� 10�7 RIU/�Cwas obtained.
A short section of hollow fiber had been sandwiched between single mode fiber (SMF) and
solid core (SC) PCF [11]. By taking advantage of the air holes in PCF, air was allowed to
infiltrate the PCF cavity and the RI changes under different pressures were measured. When
creating hole collapse regions between a section of SMF and PCF, the length of the region can
affect the sensitivity of the sensor to RI and also temperature. A longer collapsed area will lead
to more cladding modes being excited and in turn larger changes in the interference pattern.
Dash and Jha [12] found that as they increased the length of the collapsed region from 180 to
270 μm, the RI sensitivity also increased from 30 to 53 nm/RIU with a RI resolution of
1.18 � 10�4 RIU.

A Microbubble FPI has been shown as a strain and vibration sensor with a spheroidal cavity
achieving a strain sensitivity of ~10.3 pm/με and high fringe visibility (~38 dB) [13]. A 157 nm
laser was used for micromachining an in-line etalon, with two smooth and parallel reflecting
sides, in an endlessly single mode PCF. This was demonstrated for strain measurements in a
high temperature environment with a fringe contrast of ~26 dB [14]. Shi et al. [15] were able to
produce a multiplexed strain sensor system using different lengths of HCF spliced between
SMF. Due to their wide free spectral range, the signals could be easily demodulated using fast
Fourier transform (FFT). A strain insensitive IFPI has been developed by splicing one end of a

Figure 2. (a) Configuration of the simplified HCF based IFPI working in reflection mode; (b) interference spectrum of the
sensor head; (c) refractive index against fringe visibility. (d) Temperature sensitivity against wavelength shift for low and
high frequency oscillations. © 2012 IEEE. Reprinted, with permission, from Ref. [6].
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solid PCF to a SMF and the other end to a HC-PCF to form a micro cavity. A large portion of
the strain sensitivity comes from changing the size of the micro cavity, but in this case, this was
at the end of the sensor and remained fixed in size [12].

Due to the all silica structure of PCFs, they are able to withstand high temperatures [6, 16],
often for long periods of time [17]. The sensitivity to temperature is often based on the thermal-
optic effect of silica and is therefore proportional to the length of the PCF cavity [18]. Frazão
et al. [18] characterized the strain and temperature sensitivities of suspended core fibers with
three and four holes. The normalized temperature sensitivities were found to be similar at 67.8
and 67.6 rad/m�C for three and four holes, respectively. The strain response was found to be
greater for the three hole fiber. This was because the strain was applied to the cladding region
(supporting walls of the fiber), and this cross-section was smaller for the three hole fiber.

Wu et al. were able to successfully demonstrate a high pressure (up to 40 MPa) and high
temperature FPI (up to 700�C) sensor. A SC-PCF was spliced to one end to a SMF and hole
collapse was carried out at the other end, to improve the reflectivity of the second mirror. The
pressure and temperature sensitivities were �5.8 and ~13 pm/�C, respectively [19]. PCF based
IFPIs may also have potential use in photonic integrated circuits [20].

2.2. Mach-Zehnder interferometer (MZI)

The Mach-Zehnder interferometer (MZI) works where an incident beam from a single light
source is split into two arms and later recombined, forming an interference pattern [1]. When
there is a perturbation in one arm, the difference in optical path length changes and is con-
veyed by the variation in the interference signal.

A MZI can be fabricated using two fibers with the light being split and recombined using fiber
couplers, as shown in Figure 3(a). One beam is referred to as the reference arm, and the other
the sensing arm. To fabricate an in-line MZI using a singular fiber, as in Figure 3(b), modal
dispersion is used and the propagating modes are coupled into the cladding as well as the
core. Though the physical length of the two arms is the same the phase velocity is different as
the effective indices of the core and cladding are not the same.

Figure 3. (a) The schematic of a Mach-Zehnder interferometer using two fibers; (b) the schematic of an in-line Mach-
Zehnder interferometer using one fiber.
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high temperature environment with a fringe contrast of ~26 dB [14]. Shi et al. [15] were able to
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SMF. Due to their wide free spectral range, the signals could be easily demodulated using fast
Fourier transform (FFT). A strain insensitive IFPI has been developed by splicing one end of a
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solid PCF to a SMF and the other end to a HC-PCF to form a micro cavity. A large portion of
the strain sensitivity comes from changing the size of the micro cavity, but in this case, this was
at the end of the sensor and remained fixed in size [12].

Due to the all silica structure of PCFs, they are able to withstand high temperatures [6, 16],
often for long periods of time [17]. The sensitivity to temperature is often based on the thermal-
optic effect of silica and is therefore proportional to the length of the PCF cavity [18]. Frazão
et al. [18] characterized the strain and temperature sensitivities of suspended core fibers with
three and four holes. The normalized temperature sensitivities were found to be similar at 67.8
and 67.6 rad/m�C for three and four holes, respectively. The strain response was found to be
greater for the three hole fiber. This was because the strain was applied to the cladding region
(supporting walls of the fiber), and this cross-section was smaller for the three hole fiber.

Wu et al. were able to successfully demonstrate a high pressure (up to 40 MPa) and high
temperature FPI (up to 700�C) sensor. A SC-PCF was spliced to one end to a SMF and hole
collapse was carried out at the other end, to improve the reflectivity of the second mirror. The
pressure and temperature sensitivities were �5.8 and ~13 pm/�C, respectively [19]. PCF based
IFPIs may also have potential use in photonic integrated circuits [20].

2.2. Mach-Zehnder interferometer (MZI)

The Mach-Zehnder interferometer (MZI) works where an incident beam from a single light
source is split into two arms and later recombined, forming an interference pattern [1]. When
there is a perturbation in one arm, the difference in optical path length changes and is con-
veyed by the variation in the interference signal.

A MZI can be fabricated using two fibers with the light being split and recombined using fiber
couplers, as shown in Figure 3(a). One beam is referred to as the reference arm, and the other
the sensing arm. To fabricate an in-line MZI using a singular fiber, as in Figure 3(b), modal
dispersion is used and the propagating modes are coupled into the cladding as well as the
core. Though the physical length of the two arms is the same the phase velocity is different as
the effective indices of the core and cladding are not the same.
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The Mach-Zehnder sensor interference spectrum can be expressed as [21]:

I ¼ I1 þ I2 þ 2
ffiffiffiffiffiffiffiffi
I1I2

p
cosΔ∅ (3)

where I1 and I2 are the irradiance of the interfering waves, Δ∅ is the phase difference between
the core and cladding mode is defined as:

Δ∅ ¼ 2π
λ

ΔnLþΦ (4)

where λ is the wavelength, L is the optical length of the interferometer, Δn is the difference in
effective refractive index and Φ is the initial phase difference of the two waves.

PCF MZIs commonly consist of a SMF-PCF-SMF configuration; where a small section of solid
core PCF is spliced between two standard SMFs. By using a fusion splicer to collapse the air
holes of the PCF, the light is no longer constrained to the core and some of the light is coupled
to one or multiple cladding modes and are able to propagate along the fiber [22, 23]. The splice
points act as the mode couplers to form the fiber MZI, where the first splice point causes light
from the core to couple to the cladding and the second splice causes the modes to recombine.
MZIs composed entirely of LMA-PCF have also been realized [22] by core misalignment or by
hole collapsing, as shown in Figure 4. By using the hole collapse technique in an all PCF MZI,
alignment is less stringent as no cleaving is required. More cladding modes will also be excited
and when the interference spectra were Fourier transformed, multiple spatial frequencies were
seen with the number increasing with increasing interferometer length [22]. Different lengths
of PCF were studied and compared for sensitivity [23–25]. It was found that the sensitivity was

Figure 4. (a) The offset splicing method and the corresponding spatial frequencies at different interferometer lengths.
Inset: Cross section of the LMA-PCF; (b) the hole collapse method and the corresponding spatial frequencies at different
interferometer lengths. (a) produced one dominant spatial frequency at each length, whereas (b) induced several.
Reprinted with permission from Ref. [22]. Copyright 2007 Optical Society of America.
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not strongly dependent on length, though longer sections could require better handling and
packaging.

These MZI configurations make useful refractometers as the effective refractive index of the
cladding modes will be influenced by the surrounding environment [21, 23]. Highly sensitive
refractometers have been demonstrated by means of tapering, either at just the splice points
[26, 27] or the entire PCF section [28] to expose the evanescent field, making the MZI more
sensitive to external RI changes. By tapering at the splice point, when compared to direct
splicing, Wang et al. [27] was able to increase the sensor sensitivity from 224.2 to 260.8 nm/
RIU. Wong et al. [29] used a combination of PCF-MZI and cavity ring-down technique for
signal demodulation, which lead to a minimum detectable RI to be 7.8 � 10�5 RIU, almost 2.5
times greater than when compared to a PCF-MZI based on wavelength demodulation.

PCFs are generally known to be relatively temperature insensitive due to their small thermo-
optic coefficient. Methods used to increase this sensitivity include, partial [30] or full [31] liquid
infiltration into the holey region of the PCF, and multipath (more than two) MZIs using
multicore PCFs [32] as this improves the phase sensitivity. Zhao et al. were able to achieve a
temperature sensitivity of 130.6 pm/�C [32].

Different PCF configurations have been used for measuring strain [25, 33–35]. By using a
multimode PCF, and careful hole collapse during splicing, a MZI was realized by coupling to
two different core modes, LP01 and LP31, allowing the light to be confined within the core and
not as susceptible to ambient environment. Zheng et al. [25] were able to demonstrate a
temperature and RI insensitive strain sensor with a sensitivity of 2.1 pm/με at 1550 nm with a
45 mm long PCF between two lengths of SMF. By introducing an additional collapsed region
in the center of the length of PCF, two cascaded MZIs were created; the extinction ratio of the
MZI induced fringes and in turn the measurement accuracy was improved [34]. The sensitiv-
ities for a normal SMF-PCF-SMF MZI and the modified MZI were 1.87 and 11.22 dB/mε,
respectively. With twin core (TC) PCFs, the two cores can each act as the arm of the interfer-
ometer [36] and allow for a large strain measurement range as there are no deformations in the
PCF to weaken the structure [33].

TC-PCFs have also been successfully demonstrated for use as intensity-based bend sensors
[36], with a signal change found when the fiber is bent, such that both cores will experience
different bend radii. Sun et al. [37] proposed a sensitive bend sensor by introducing an up- or
peanut like -taper as the splitter and a down-taper as the recombiner. The up-taper improves
the coupling between the PCF core and cladding modes and produces a stronger interference
signal when recombined. The bend sensitivity of 50.5 nm/m1 is one order of magnitude
greater, when compared to a PCF MZI with a configuration of hole collapse and core offset
(3.046 nm/m1) [38].

The addition of a functional coating can lead to more specific and tailored sensing applications.
As shown by Tao et al. [39], by coating the holey region of large mode area (LMA) and a
grapefruit PCF with a polyallylamine layer with an affinity towards TNTvapor, they were able
to selectively detect TNT. The LMA PCF had a lower a detection limit of 0.2 ppbv due to a
higher Q-factor. Lopez-Torres et al. demonstrated a humidity sensor capable of resolving
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not strongly dependent on length, though longer sections could require better handling and
packaging.

These MZI configurations make useful refractometers as the effective refractive index of the
cladding modes will be influenced by the surrounding environment [21, 23]. Highly sensitive
refractometers have been demonstrated by means of tapering, either at just the splice points
[26, 27] or the entire PCF section [28] to expose the evanescent field, making the MZI more
sensitive to external RI changes. By tapering at the splice point, when compared to direct
splicing, Wang et al. [27] was able to increase the sensor sensitivity from 224.2 to 260.8 nm/
RIU. Wong et al. [29] used a combination of PCF-MZI and cavity ring-down technique for
signal demodulation, which lead to a minimum detectable RI to be 7.8 � 10�5 RIU, almost 2.5
times greater than when compared to a PCF-MZI based on wavelength demodulation.

PCFs are generally known to be relatively temperature insensitive due to their small thermo-
optic coefficient. Methods used to increase this sensitivity include, partial [30] or full [31] liquid
infiltration into the holey region of the PCF, and multipath (more than two) MZIs using
multicore PCFs [32] as this improves the phase sensitivity. Zhao et al. were able to achieve a
temperature sensitivity of 130.6 pm/�C [32].

Different PCF configurations have been used for measuring strain [25, 33–35]. By using a
multimode PCF, and careful hole collapse during splicing, a MZI was realized by coupling to
two different core modes, LP01 and LP31, allowing the light to be confined within the core and
not as susceptible to ambient environment. Zheng et al. [25] were able to demonstrate a
temperature and RI insensitive strain sensor with a sensitivity of 2.1 pm/με at 1550 nm with a
45 mm long PCF between two lengths of SMF. By introducing an additional collapsed region
in the center of the length of PCF, two cascaded MZIs were created; the extinction ratio of the
MZI induced fringes and in turn the measurement accuracy was improved [34]. The sensitiv-
ities for a normal SMF-PCF-SMF MZI and the modified MZI were 1.87 and 11.22 dB/mε,
respectively. With twin core (TC) PCFs, the two cores can each act as the arm of the interfer-
ometer [36] and allow for a large strain measurement range as there are no deformations in the
PCF to weaken the structure [33].

TC-PCFs have also been successfully demonstrated for use as intensity-based bend sensors
[36], with a signal change found when the fiber is bent, such that both cores will experience
different bend radii. Sun et al. [37] proposed a sensitive bend sensor by introducing an up- or
peanut like -taper as the splitter and a down-taper as the recombiner. The up-taper improves
the coupling between the PCF core and cladding modes and produces a stronger interference
signal when recombined. The bend sensitivity of 50.5 nm/m1 is one order of magnitude
greater, when compared to a PCF MZI with a configuration of hole collapse and core offset
(3.046 nm/m1) [38].

The addition of a functional coating can lead to more specific and tailored sensing applications.
As shown by Tao et al. [39], by coating the holey region of large mode area (LMA) and a
grapefruit PCF with a polyallylamine layer with an affinity towards TNTvapor, they were able
to selectively detect TNT. The LMA PCF had a lower a detection limit of 0.2 ppbv due to a
higher Q-factor. Lopez-Torres et al. demonstrated a humidity sensor capable of resolving
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0.074% of relative humidity, and used a method based on the fast Fourier transform to yield a
more linear device response with less noise [40]. Functionalized tip sensors have been used to
detect changes in pH level [41] and changes in RI [42]. By modifying the surface of a compact
PCF (~3 mm long) sensing region with biotin, Hu et al. were able to successfully demonstrate
streptavidin detection [43]. Surface modified sensors can be more advantageous over air hole
modification as it can be easily cleaned, reused and the analyte response is faster [43].

Long period gratings (LPGs) have also been used to fabricate in-line MZIs as they work by
coupling forward propagating core light with one or more co-propagating cladding modes.
This has been extended for use in all-PCF MZIs [44, 45]. Mechanically induced LPGs allow for
identical, yet tuneable non-permanent LPGs to be fabricated. Yu et al. [45] demonstrated that
the first LPG could be replaced by a misaligned splice point. As this is easier to manufacture
than an LPG, it could reduce fabrication time and cost. The interference pattern can be tuned
by adjusting the offset or the distance between the splitter and combiner [45] as well as the
period and strength of the gratings [44]. It is also possible to replace the second LPG by
collapsing the holes of the PCF [46]. Compact LPG based MZIs have been demonstrated, by
using a CO2 laser [35, 47] to create periodic grooves until both LPGs have coupling efficiency
of around 3 dB. Compared with a standard single mode fiber MZI, Ju et al. [47] were able to
obtain a higher strain sensitivity (�2.6 pm/με compared to +0.445 pm/με) and a lower temper-
ature sensitivity (42.4 pm/�C per m compared to 1215.56 pm/�C per m). MZIs made with LPGs
can be at risk of having a high insertion loss [24] due the deformation of fiber structure from
inscription or from the misaligned splice point [45]. By cascading an LPG with a PCF MZI,
simultaneous temperature and RI sensing was achieved as both elements in the sensor matrix
responded differently to the multiple parameters [48].

Measuring low acoustic frequencies underwater can be difficult due to poor signal-to-noise
ratios. An optical fiber based hydrophone using a polarization maintaining (PM) PCF
sandwiched between SMFs was able to detect frequencies ranging from 5 to 200 Hz. The MZI
used a two parameter detection method, namely a change in the intensity of the signal and a
shift in wavelength. The change in power ranged from 0.8 to 2.32 dBm, which was much
higher when compared to the ~0.1 dBm change using a SMF-MMF-SMF configuration [49].

PCF-MZIs also have potentials in communications for the demodulation of signals using differ-
ential phase shift keying (DPSK) [50] and in wavelength-division multiplexing (WDM) [51].

2.3. Michelson interferometer

Optical fiber Michelson interferometers can be realized by using two fibers or one fiber with
the configurations shown in Figure 5. They are a similar version of MZI configurations. In the
two fibers configuration, the laser light is split into two optical paths by an optical fiber
coupler. The light is reflected back by the mirrors and recombined at the coupler to form the
interference at the detector. In the one fiber configuration, the modes are split at a region where
higher order modes or cladding modes are excited, e.g. splicing region between SMF and PCF,
and are reflected by the mirrors and recombined at the splicing regions to form the interference
which passes to the detector via a circulator.
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Most PCF-based Michelson interferometers are based on one-fiber configurations. PM-PCFs
have two orthogonally polarized core modes which act as two different optical paths for
interference [52]. The two different optical paths can also be formed by two core modes in
two-core PCFs [53, 54], or two core fibers [55]. In addition, the core mode and cladding modes
that are excited at the splicing region between a SMF and a PCF due to mode mismatch [56] or
a collapsed region in PCFs [57–62]. Similar configurations have also been reported in thin core
fibers [63]. Due to the flexibility in the waveguide properties, PCF-based configurations can
achieve high sensitivities when measuring ambient parameters, such as RI, temperature etc.

Jha et al. presented a Michelson interferometer device using a stub of a LMA PCF, with the
schematic of the experimental setup and the interference spectrum in the reflected signal as
shown in Figure 6. The PCF was fully collapsed at the splicing region between SMF and PCF,
forming a multimode region for cladding mode excitation, and the end of the PCF was
behaving as a reflective mirror. The dependence of the PCF length, temperature and ambient
RI on the interference fringes of the device was investigated for sensing applications [58].

Enhanced temperature sensitivity was reported using a liquid-filled PCF-based Michelson
interferometer [60]. The cladding holes of the PCFs were filled liquid with an RI of 1.45. The
voids of the PCF were collapsed fully in the splicing process and the collapsed region between
SMF and PCF was about 300 μm. The PCF end face acted as the reflective surface for the core
mode and cladding modes of the PCF, which were combined and interfered in the collapsed
region at the return path. The device demonstrated high temperature sensitivity with the
wavelength shifts being was around 27 nm for a temperature change of 5�C [60].

Because PCF-based interferometers possess several desirable advantages including high sensi-
tivity, linear response, and small size, they have attracted great interest in biosensing applica-
tions. Gao et al. proposed an in-line PCF Michelson interferometer for label-free, real time and
sensitive detection of DNA hybridization and methylation [61]. To fabricate the interferometer,

Figure 5. (a) The schematic of a Michelson interferometer using two fibers; (b) the schematic of a Michelson interferom-
eter using one fiber.
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0.074% of relative humidity, and used a method based on the fast Fourier transform to yield a
more linear device response with less noise [40]. Functionalized tip sensors have been used to
detect changes in pH level [41] and changes in RI [42]. By modifying the surface of a compact
PCF (~3 mm long) sensing region with biotin, Hu et al. were able to successfully demonstrate
streptavidin detection [43]. Surface modified sensors can be more advantageous over air hole
modification as it can be easily cleaned, reused and the analyte response is faster [43].

Long period gratings (LPGs) have also been used to fabricate in-line MZIs as they work by
coupling forward propagating core light with one or more co-propagating cladding modes.
This has been extended for use in all-PCF MZIs [44, 45]. Mechanically induced LPGs allow for
identical, yet tuneable non-permanent LPGs to be fabricated. Yu et al. [45] demonstrated that
the first LPG could be replaced by a misaligned splice point. As this is easier to manufacture
than an LPG, it could reduce fabrication time and cost. The interference pattern can be tuned
by adjusting the offset or the distance between the splitter and combiner [45] as well as the
period and strength of the gratings [44]. It is also possible to replace the second LPG by
collapsing the holes of the PCF [46]. Compact LPG based MZIs have been demonstrated, by
using a CO2 laser [35, 47] to create periodic grooves until both LPGs have coupling efficiency
of around 3 dB. Compared with a standard single mode fiber MZI, Ju et al. [47] were able to
obtain a higher strain sensitivity (�2.6 pm/με compared to +0.445 pm/με) and a lower temper-
ature sensitivity (42.4 pm/�C per m compared to 1215.56 pm/�C per m). MZIs made with LPGs
can be at risk of having a high insertion loss [24] due the deformation of fiber structure from
inscription or from the misaligned splice point [45]. By cascading an LPG with a PCF MZI,
simultaneous temperature and RI sensing was achieved as both elements in the sensor matrix
responded differently to the multiple parameters [48].

Measuring low acoustic frequencies underwater can be difficult due to poor signal-to-noise
ratios. An optical fiber based hydrophone using a polarization maintaining (PM) PCF
sandwiched between SMFs was able to detect frequencies ranging from 5 to 200 Hz. The MZI
used a two parameter detection method, namely a change in the intensity of the signal and a
shift in wavelength. The change in power ranged from 0.8 to 2.32 dBm, which was much
higher when compared to the ~0.1 dBm change using a SMF-MMF-SMF configuration [49].

PCF-MZIs also have potentials in communications for the demodulation of signals using differ-
ential phase shift keying (DPSK) [50] and in wavelength-division multiplexing (WDM) [51].

2.3. Michelson interferometer

Optical fiber Michelson interferometers can be realized by using two fibers or one fiber with
the configurations shown in Figure 5. They are a similar version of MZI configurations. In the
two fibers configuration, the laser light is split into two optical paths by an optical fiber
coupler. The light is reflected back by the mirrors and recombined at the coupler to form the
interference at the detector. In the one fiber configuration, the modes are split at a region where
higher order modes or cladding modes are excited, e.g. splicing region between SMF and PCF,
and are reflected by the mirrors and recombined at the splicing regions to form the interference
which passes to the detector via a circulator.
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Most PCF-based Michelson interferometers are based on one-fiber configurations. PM-PCFs
have two orthogonally polarized core modes which act as two different optical paths for
interference [52]. The two different optical paths can also be formed by two core modes in
two-core PCFs [53, 54], or two core fibers [55]. In addition, the core mode and cladding modes
that are excited at the splicing region between a SMF and a PCF due to mode mismatch [56] or
a collapsed region in PCFs [57–62]. Similar configurations have also been reported in thin core
fibers [63]. Due to the flexibility in the waveguide properties, PCF-based configurations can
achieve high sensitivities when measuring ambient parameters, such as RI, temperature etc.

Jha et al. presented a Michelson interferometer device using a stub of a LMA PCF, with the
schematic of the experimental setup and the interference spectrum in the reflected signal as
shown in Figure 6. The PCF was fully collapsed at the splicing region between SMF and PCF,
forming a multimode region for cladding mode excitation, and the end of the PCF was
behaving as a reflective mirror. The dependence of the PCF length, temperature and ambient
RI on the interference fringes of the device was investigated for sensing applications [58].

Enhanced temperature sensitivity was reported using a liquid-filled PCF-based Michelson
interferometer [60]. The cladding holes of the PCFs were filled liquid with an RI of 1.45. The
voids of the PCF were collapsed fully in the splicing process and the collapsed region between
SMF and PCF was about 300 μm. The PCF end face acted as the reflective surface for the core
mode and cladding modes of the PCF, which were combined and interfered in the collapsed
region at the return path. The device demonstrated high temperature sensitivity with the
wavelength shifts being was around 27 nm for a temperature change of 5�C [60].

Because PCF-based interferometers possess several desirable advantages including high sensi-
tivity, linear response, and small size, they have attracted great interest in biosensing applica-
tions. Gao et al. proposed an in-line PCF Michelson interferometer for label-free, real time and
sensitive detection of DNA hybridization and methylation [61]. To fabricate the interferometer,

Figure 5. (a) The schematic of a Michelson interferometer using two fibers; (b) the schematic of a Michelson interferom-
eter using one fiber.
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a section of the PCF was collapsed to excite cladding modes which possessed lower effective
refractive indices than that of the core mode. The end facet of the PCF was coated with a gold
film as the reflective mirror. The DNA hybridization and methylation resulted in a variation of
surrounding RI, which changed the effective refractive indices of the cladding modes. The
experimental results demonstrated a detection limit of 5 nM [61].

Sun et al. demonstrated a hybrid fiber interferometer by splicing a short length of PM-PCF,
177 μm, to a SMF of one output port of a 2� 2 50:50 fiber coupler, forming a Fabry-Perot cavity
in one of the optical paths of the Michelson interferometer. The spectral response of the hybrid
interferometer exhibited two distinctive interference fringes and was demonstrated experi-
mentally for simultaneous measurements of ambient RI from 1.33 to 1.38 with a resolution of
8.7 � 10�4, and temperature in the range of 35–500�C with sensitivity of 13 pm/�C [53].

Multicore fiber (MCF) based multipath Michelson interferometers have been proposed and
demonstrated for high temperature sensing recently [64]. The reflective mirror was formed via
arc-fusion splicing the fiber end face. The splicing region between SMF andMCFwas tapered for
coupling the center core mode to surrounding cores due to reduced distances. The seven cores
acted as the different optical paths in the multipath Michelson interferometer. The device dem-
onstrated a temperature sensitivity of 165 pm/�C in the temperature range of 250–900�C [64].

Besides sensor applications, generation of logic gates such as optical add-drop multiplexers
based on PCF-based Michelson interferometers has been investigated recently [54].

2.4. Sagnac interferometer

Optical fiber Sagnac interferometers (OFSI) use a Sagnac loop as the sensing element which
usually uses highly birefringent (Hi-Bi) fibers or polarization-maintaining fibers (PMFs) to intro-
duce a large optical path difference for interference between two counter-propagating waves.

Figure 6. (a). Schematic of the experimental setup. A micrograph of the PCF used in the experiments is shown. The
bottom drawing represents the interferometer, being L the length of the PCF. BBS stands for broad brand source, FOC for
fiber optic circulator or coupler, and OSA for optical spectrum analyzer. (b). Reflection spectrum of a device with
L = 24 mm over 400 nm. Reprinted from Ref. [58], with the permission of AIP publishing.
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The configuration of a fiber Sagnac interferometer is illustrated by Figure 7. The input light is
split by an optical fiber coupler, usually a 3 dB coupler. Two counter-propagating waves travel in
the Sagnac loop and accumulate an optical path difference due to birefringence.

Compared to conventional Hi-Bi fibers, PM-PCFs usually achieve much higher birefringence.
Consequently, the required length of PM-PCF in the Sagnac loop is much shorter than that of
conventional PMFs.Moreover, PM-PCFs are thermally stable due to their pure-silicamaterial used
in the fiber compared to conventional PMFswith temperature dependent birefringence. PM-PCFs
also possess advantage of low bending loss due to high numerical aperture and small core
diameters. As a result, PM-PCF based Sagnac interferometers have been extensively exploited
and develop for many applications, such as strain, twist, pressure and curvature sensing, etc.

The temperature insensitivity of PM-PCF based Sagnac interferometers improves the accuracy
of strain measurements, as the temperature crosstalk is negligible. The temperature depen-
dence of birefringence in the PM-PCF is 35 times smaller than that of conventional PMFs [65].

Further reduced temperature sensitivities in strain measurements using PM-PCFs were reported
to be 0.29 pm/K, about 3000 times lower than that of conventional PMFs, with strain sensitivity
of 0.23 pm/με [66]. The experimental setup is shown in Figure 8(a), consisting of a 3 dB fiber
coupler to equally split the input light into two counter-propagating waves. The 86 mm long

Figure 7. The schematic of a fiber Sagnac interferometer.

Figure 8. (a) Schematic diagram of the proposed OFSI strain sensor. Inset: SEM of the cross section of the PM-PCF. (b)
wavelength shift of the transmission minimum at 1547 nm against the applied strain. (c) Wavelength variation of the
transmission minimum at 1547 nm against temperature. Reprinted from Ref. [66], with the permission of AIP Publishing.
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a section of the PCF was collapsed to excite cladding modes which possessed lower effective
refractive indices than that of the core mode. The end facet of the PCF was coated with a gold
film as the reflective mirror. The DNA hybridization and methylation resulted in a variation of
surrounding RI, which changed the effective refractive indices of the cladding modes. The
experimental results demonstrated a detection limit of 5 nM [61].

Sun et al. demonstrated a hybrid fiber interferometer by splicing a short length of PM-PCF,
177 μm, to a SMF of one output port of a 2� 2 50:50 fiber coupler, forming a Fabry-Perot cavity
in one of the optical paths of the Michelson interferometer. The spectral response of the hybrid
interferometer exhibited two distinctive interference fringes and was demonstrated experi-
mentally for simultaneous measurements of ambient RI from 1.33 to 1.38 with a resolution of
8.7 � 10�4, and temperature in the range of 35–500�C with sensitivity of 13 pm/�C [53].

Multicore fiber (MCF) based multipath Michelson interferometers have been proposed and
demonstrated for high temperature sensing recently [64]. The reflective mirror was formed via
arc-fusion splicing the fiber end face. The splicing region between SMF andMCFwas tapered for
coupling the center core mode to surrounding cores due to reduced distances. The seven cores
acted as the different optical paths in the multipath Michelson interferometer. The device dem-
onstrated a temperature sensitivity of 165 pm/�C in the temperature range of 250–900�C [64].

Besides sensor applications, generation of logic gates such as optical add-drop multiplexers
based on PCF-based Michelson interferometers has been investigated recently [54].

2.4. Sagnac interferometer

Optical fiber Sagnac interferometers (OFSI) use a Sagnac loop as the sensing element which
usually uses highly birefringent (Hi-Bi) fibers or polarization-maintaining fibers (PMFs) to intro-
duce a large optical path difference for interference between two counter-propagating waves.

Figure 6. (a). Schematic of the experimental setup. A micrograph of the PCF used in the experiments is shown. The
bottom drawing represents the interferometer, being L the length of the PCF. BBS stands for broad brand source, FOC for
fiber optic circulator or coupler, and OSA for optical spectrum analyzer. (b). Reflection spectrum of a device with
L = 24 mm over 400 nm. Reprinted from Ref. [58], with the permission of AIP publishing.
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The configuration of a fiber Sagnac interferometer is illustrated by Figure 7. The input light is
split by an optical fiber coupler, usually a 3 dB coupler. Two counter-propagating waves travel in
the Sagnac loop and accumulate an optical path difference due to birefringence.

Compared to conventional Hi-Bi fibers, PM-PCFs usually achieve much higher birefringence.
Consequently, the required length of PM-PCF in the Sagnac loop is much shorter than that of
conventional PMFs.Moreover, PM-PCFs are thermally stable due to their pure-silicamaterial used
in the fiber compared to conventional PMFswith temperature dependent birefringence. PM-PCFs
also possess advantage of low bending loss due to high numerical aperture and small core
diameters. As a result, PM-PCF based Sagnac interferometers have been extensively exploited
and develop for many applications, such as strain, twist, pressure and curvature sensing, etc.

The temperature insensitivity of PM-PCF based Sagnac interferometers improves the accuracy
of strain measurements, as the temperature crosstalk is negligible. The temperature depen-
dence of birefringence in the PM-PCF is 35 times smaller than that of conventional PMFs [65].

Further reduced temperature sensitivities in strain measurements using PM-PCFs were reported
to be 0.29 pm/K, about 3000 times lower than that of conventional PMFs, with strain sensitivity
of 0.23 pm/με [66]. The experimental setup is shown in Figure 8(a), consisting of a 3 dB fiber
coupler to equally split the input light into two counter-propagating waves. The 86 mm long

Figure 7. The schematic of a fiber Sagnac interferometer.

Figure 8. (a) Schematic diagram of the proposed OFSI strain sensor. Inset: SEM of the cross section of the PM-PCF. (b)
wavelength shift of the transmission minimum at 1547 nm against the applied strain. (c) Wavelength variation of the
transmission minimum at 1547 nm against temperature. Reprinted from Ref. [66], with the permission of AIP Publishing.
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PM-PCF was spliced to the single mode fiber in the Sagnac loop. One end of the PM-PCF was
fixed and the other end was stretched using a precision translation stage, for strain measure-
ment. The scanning electron microscopic (SEM) image of the PM-PCF is shown in the inset of
Figure 8(a). A broadband light source is connected to the input port of the 3 dB coupler, and the
transmitted light is measured by an optical spectrum analyzer (OSA) that is connected to the
other input port of the 3 dB coupler. The interference occurred when two orthogonal guided
modes combined at the coupler due to an accumulated phase delay in the Sagnac loop.

The transmission ratio of the optical intensity in the Sagnac loop can be described as:

T ¼ 1� cos ψð Þ½ �=2 (5)

where ψ = 2πLB/λ is the phase difference between the two orthogonal guided modes in PM-
PCF, L is the length of the PM-PCF, B is the birefringence of the PM-PCF, and λ is the
wavelength. The peak wavelength of the interference would encounter a shift due to the strain
experienced by the PM-PCF, with the relationship being:

Δλ ¼ λ 1þ p0e
� �

ε (6)

where p0e is a constant that describes the variation of strain-induced birefringence, and ε is the
applied strain.

The linear relationship between strain and peak wavelength shift can be observed in Figure 8(b).
The temperature stability was tested by placing the PM-PCF in a temperature-controlled container,
and the transmission spectrum was monitored by varying the temperature. The temperature
sensitivity of the sensor was measured to be�0.29 pm/�C, as shown in Figure 8(c), which is much
lower than the reported value of 0.99 nm/�C of a conventional optical fiber Sagnac interferometer
[67].

The influence of the coating on the fiber was investigated by Frazão et al., showing higher strain
sensitivities and stronger temperature crosstalk with a nonlinear response for coated PCFs based
Sagnac interferometers [68, 69]. The strain measurement sensitivities using PM-PCFs is also
influenced by the ratio of the sensing PM-PCF over the entire PM-PCF length in the Sagnac loop
[70]. Kim et al. develop a hollow core with an elliptical shape PBG fiber Sagnac interferometer
for strain sensing with reduced temperature sensitivity when compared to conventional PMF
Sagnac interferometers [71]. All-solid PCFs with Ge:SiO2 rods and stress-induced birefringence
by two Boron-doped rods have been reported to produce higher strain sensitivity of 25.6 pm/με
with the temperature crosstalk suppressed to �9 pm/K using a cascaded Sagnac configuration
[72]. The reference signal at wavelength 1586.7 nm was used for temperature compensation of
the two sensing wavelengths at 1551.5 nm and 1616.3 nm, with the wavelength difference being
monitored [72]. Low-birefringence (low-Bi) PCFs with birefringence one or two orders lower
than PM-PCFs were also exploited to achieve broader strain sensing range with similar strain
sensitivity and a need for temperature compensation due to higher temperature sensitivity [73].

PCF-based Sagnac interferometers have been reported to develop twist or torsion sensors with
potential applications in spaceflight and constructional engineering. Compared to other
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optical fiber twist/torsion sensors, PCF-based Sagnac interferometers exhibit higher sensitivi-
ties and reduced crosstalk due to temperature. Hi-Bi PCFs have been reported to construct
twist/torsion sensors with sensitivities 0.059 and 0.057 nm/�, as measured from two interfer-
ence peaks, and temperature crosstalk of �4.6 and �2.6 pm/�C, respectively [74]. Improved
twist sensitivities were obtained by using a low-Bi PCF Sagnac interferometer showing sensi-
tivity of 1.00 nm/� and temperature sensitivity of �0.5 pm/�C [75]. A Side-leakage PCF with
Ge-doped core based Sagnac interferometer was reported to achieve torsion sensitivity of
0.9354 nm/�. The temperature crosstalk was around 0.054–0.178 �/�C, which could be indepen-
dently determined by using matrix method [76]. Notably, matrix method was used for simul-
taneously multi-parameter measurement by PCF base Sagnac interferometers also. Dong et al.
introduced a core-offset technique in the splicing between the PCF and standard fibers in the
Sagnac loop, and measured the wavelength variation and the transmissivity difference in
order to demodulate the strain and temperature [77]. More recently, Naeem et al. demon-
strated a Sagnac interferometer using Hi-Bi PCF for multi-parameter measurements. The
sensor consisted of hybrid interferometry; the intra-core-mode Sagnac interference and the
inter-core-mode Mach-Zehnder interference. The phase shifts due to the Sagnac and Mach-
Zehnder interference were measured and used to construct the sensor matrix for torsion, strain
and temperature [78].

Pressure sensing using PM-PCF based Sagnac interferometers have been reported recently.
Due to the high sensitivity of Sagnac interferometry, such sensors do not require modifications
for sensitivity enhancement. Furthermore, the detection scheme can be wavelength shift mea-
surement [79, 80, 81], or phase shift measurement for extended pressure measurement range
up to 2.35 MPa [82]. Feng et al. demonstrated that such sensors exhibit a good linearity of the
applied pressure and can accurately measure pore water pressure [81].

Gong et al. employed a low-Bi PCF in the Sagnac loop and used wavelength shift detection for
curvature sensing. The achieved curvature detection resolution was 0.059 m�1 [83]. Compara-
tively, Frazão et al. demonstrated a Hi-Bi PCF Sagnac interferometer for curvature sensing
with an improved detection resolution of (1.39 � 0.07) � 10�5 m�1. The measurement param-
eter was the group birefringence β, which was defined as β =λ2/ΔλL, where λ is the central
wavelength in operation, Δλ is the spectral width of the interferometer, and L is the length of
the Hi-Bi PCF region [84].

The presence of air holes in PCF structures permits the infiltration of substances, e.g. liquid,
metal etc., to introduce additional functionalities. For instance, highly sensitive temperature
sensing was reported by PCF based Sagnac interferometers filled with metal [85], selectively
filled with liquid [86, 87], and partially filled with alcohol [88]. The indium-filled side hole PCF
was producing a change in birefringence due to the expansion of the filler metal, resulting in a
high temperature sensitivity of the sensor of �9.0 nm/oC [85]. A PBG PCF was selectively filled
by high index liquid, leading to temperature dependence in the bandgap properties, as well as
the Sagnac interference properties. The temperature sensitivity was about �0.4 nm/�C [88]. By
selectively infiltrating water at the two larger air holes adjacent to the solid core in the PM-PCF,
the Sagnac interferometer showed temperature sensitivity of 0.15 nm/�C [87]. In order to realize
a low cost, reusable and reliable in-line microfluidic refractometer, Wu et al. devised a device
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PM-PCF was spliced to the single mode fiber in the Sagnac loop. One end of the PM-PCF was
fixed and the other end was stretched using a precision translation stage, for strain measure-
ment. The scanning electron microscopic (SEM) image of the PM-PCF is shown in the inset of
Figure 8(a). A broadband light source is connected to the input port of the 3 dB coupler, and the
transmitted light is measured by an optical spectrum analyzer (OSA) that is connected to the
other input port of the 3 dB coupler. The interference occurred when two orthogonal guided
modes combined at the coupler due to an accumulated phase delay in the Sagnac loop.

The transmission ratio of the optical intensity in the Sagnac loop can be described as:

T ¼ 1� cos ψð Þ½ �=2 (5)

where ψ = 2πLB/λ is the phase difference between the two orthogonal guided modes in PM-
PCF, L is the length of the PM-PCF, B is the birefringence of the PM-PCF, and λ is the
wavelength. The peak wavelength of the interference would encounter a shift due to the strain
experienced by the PM-PCF, with the relationship being:

Δλ ¼ λ 1þ p0e
� �

ε (6)

where p0e is a constant that describes the variation of strain-induced birefringence, and ε is the
applied strain.

The linear relationship between strain and peak wavelength shift can be observed in Figure 8(b).
The temperature stability was tested by placing the PM-PCF in a temperature-controlled container,
and the transmission spectrum was monitored by varying the temperature. The temperature
sensitivity of the sensor was measured to be�0.29 pm/�C, as shown in Figure 8(c), which is much
lower than the reported value of 0.99 nm/�C of a conventional optical fiber Sagnac interferometer
[67].

The influence of the coating on the fiber was investigated by Frazão et al., showing higher strain
sensitivities and stronger temperature crosstalk with a nonlinear response for coated PCFs based
Sagnac interferometers [68, 69]. The strain measurement sensitivities using PM-PCFs is also
influenced by the ratio of the sensing PM-PCF over the entire PM-PCF length in the Sagnac loop
[70]. Kim et al. develop a hollow core with an elliptical shape PBG fiber Sagnac interferometer
for strain sensing with reduced temperature sensitivity when compared to conventional PMF
Sagnac interferometers [71]. All-solid PCFs with Ge:SiO2 rods and stress-induced birefringence
by two Boron-doped rods have been reported to produce higher strain sensitivity of 25.6 pm/με
with the temperature crosstalk suppressed to �9 pm/K using a cascaded Sagnac configuration
[72]. The reference signal at wavelength 1586.7 nm was used for temperature compensation of
the two sensing wavelengths at 1551.5 nm and 1616.3 nm, with the wavelength difference being
monitored [72]. Low-birefringence (low-Bi) PCFs with birefringence one or two orders lower
than PM-PCFs were also exploited to achieve broader strain sensing range with similar strain
sensitivity and a need for temperature compensation due to higher temperature sensitivity [73].

PCF-based Sagnac interferometers have been reported to develop twist or torsion sensors with
potential applications in spaceflight and constructional engineering. Compared to other
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optical fiber twist/torsion sensors, PCF-based Sagnac interferometers exhibit higher sensitivi-
ties and reduced crosstalk due to temperature. Hi-Bi PCFs have been reported to construct
twist/torsion sensors with sensitivities 0.059 and 0.057 nm/�, as measured from two interfer-
ence peaks, and temperature crosstalk of �4.6 and �2.6 pm/�C, respectively [74]. Improved
twist sensitivities were obtained by using a low-Bi PCF Sagnac interferometer showing sensi-
tivity of 1.00 nm/� and temperature sensitivity of �0.5 pm/�C [75]. A Side-leakage PCF with
Ge-doped core based Sagnac interferometer was reported to achieve torsion sensitivity of
0.9354 nm/�. The temperature crosstalk was around 0.054–0.178 �/�C, which could be indepen-
dently determined by using matrix method [76]. Notably, matrix method was used for simul-
taneously multi-parameter measurement by PCF base Sagnac interferometers also. Dong et al.
introduced a core-offset technique in the splicing between the PCF and standard fibers in the
Sagnac loop, and measured the wavelength variation and the transmissivity difference in
order to demodulate the strain and temperature [77]. More recently, Naeem et al. demon-
strated a Sagnac interferometer using Hi-Bi PCF for multi-parameter measurements. The
sensor consisted of hybrid interferometry; the intra-core-mode Sagnac interference and the
inter-core-mode Mach-Zehnder interference. The phase shifts due to the Sagnac and Mach-
Zehnder interference were measured and used to construct the sensor matrix for torsion, strain
and temperature [78].

Pressure sensing using PM-PCF based Sagnac interferometers have been reported recently.
Due to the high sensitivity of Sagnac interferometry, such sensors do not require modifications
for sensitivity enhancement. Furthermore, the detection scheme can be wavelength shift mea-
surement [79, 80, 81], or phase shift measurement for extended pressure measurement range
up to 2.35 MPa [82]. Feng et al. demonstrated that such sensors exhibit a good linearity of the
applied pressure and can accurately measure pore water pressure [81].

Gong et al. employed a low-Bi PCF in the Sagnac loop and used wavelength shift detection for
curvature sensing. The achieved curvature detection resolution was 0.059 m�1 [83]. Compara-
tively, Frazão et al. demonstrated a Hi-Bi PCF Sagnac interferometer for curvature sensing
with an improved detection resolution of (1.39 � 0.07) � 10�5 m�1. The measurement param-
eter was the group birefringence β, which was defined as β =λ2/ΔλL, where λ is the central
wavelength in operation, Δλ is the spectral width of the interferometer, and L is the length of
the Hi-Bi PCF region [84].

The presence of air holes in PCF structures permits the infiltration of substances, e.g. liquid,
metal etc., to introduce additional functionalities. For instance, highly sensitive temperature
sensing was reported by PCF based Sagnac interferometers filled with metal [85], selectively
filled with liquid [86, 87], and partially filled with alcohol [88]. The indium-filled side hole PCF
was producing a change in birefringence due to the expansion of the filler metal, resulting in a
high temperature sensitivity of the sensor of �9.0 nm/oC [85]. A PBG PCF was selectively filled
by high index liquid, leading to temperature dependence in the bandgap properties, as well as
the Sagnac interference properties. The temperature sensitivity was about �0.4 nm/�C [88]. By
selectively infiltrating water at the two larger air holes adjacent to the solid core in the PM-PCF,
the Sagnac interferometer showed temperature sensitivity of 0.15 nm/�C [87]. In order to realize
a low cost, reusable and reliable in-line microfluidic refractometer, Wu et al. devised a device
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based on a C-shaped fiber and PCF based Sagnac interferometer [89]. The C-shape fiber and the
PCF were fusion spliced to standard fibers in the Sagnac loop. The C-shape fibers provided
openings for fluid to flow into and out of the PCF. The device was experimentally demonstrated
for in-line fluid sensing, with high sensitivity of 6621 nm/RIU over RI range of 1.33–1.333 [89].

3. Conclusions and outlook

An overview of the different interferometric sensors, based on PCF, and their applications has
been presented. The structure of PCFs is versatile and many different configurations can be
achieved to produce interferometers with desirable properties such as high sensitivity, small
sensor heads and good stability over time for sensing applications. PCF-based Fabry-Perot
interferometers utilizing short sections of hollow core fibers, or forming microbubbles as the
resonance cavities, or short sections of solid core PCFs, have been reported for measurements
of various physical magnitudes, including RI, temperature, strain and pressure. PCF-based
MZI configurations leverage on the enhanced flexibility in controlling waveguide properties in
PCF, e.g. splicing between SMF and PCF can be used as an effective way to excite higher order
modes and cladding modes in PCF, which exhibit greater sensitivity to ambient parameters
compared to those in conventional fibers. In addition, the difference in the effective mode
indices between the cladding modes and the core mode are greater in PCF, leading to much
shorter device length and thus better robustness. PCF-based Michelson interferometers are a
similar version of MZI configurations, except the presence of a reflective surface to reflect the
modes which are combined at the same location of mode splitting. PCF-based Sagnac interfer-
ometers usually use Hi-Bi PCFs for developing compact and highly sensitive devices for
measuring parameters such as strain, twist/torsion, curvature etc. PCFs can be combined with
other fiber devices such as fiber Bragg grating or long period grating devices to achieve better
sensor performance, e.g. higher sensitivity, minimizing cross-talk and simultaneous multiple
parameter sensing. Inclusions of other substances into the holey structure of PCFs, bring
additional functionalities and enhanced sensor performance such as temperature sensors.
Moving forward, PCFs are expected for more exploitations and advancement of sensor devel-
opment for various sensing applications.
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for in-line fluid sensing, with high sensitivity of 6621 nm/RIU over RI range of 1.33–1.333 [89].

3. Conclusions and outlook

An overview of the different interferometric sensors, based on PCF, and their applications has
been presented. The structure of PCFs is versatile and many different configurations can be
achieved to produce interferometers with desirable properties such as high sensitivity, small
sensor heads and good stability over time for sensing applications. PCF-based Fabry-Perot
interferometers utilizing short sections of hollow core fibers, or forming microbubbles as the
resonance cavities, or short sections of solid core PCFs, have been reported for measurements
of various physical magnitudes, including RI, temperature, strain and pressure. PCF-based
MZI configurations leverage on the enhanced flexibility in controlling waveguide properties in
PCF, e.g. splicing between SMF and PCF can be used as an effective way to excite higher order
modes and cladding modes in PCF, which exhibit greater sensitivity to ambient parameters
compared to those in conventional fibers. In addition, the difference in the effective mode
indices between the cladding modes and the core mode are greater in PCF, leading to much
shorter device length and thus better robustness. PCF-based Michelson interferometers are a
similar version of MZI configurations, except the presence of a reflective surface to reflect the
modes which are combined at the same location of mode splitting. PCF-based Sagnac interfer-
ometers usually use Hi-Bi PCFs for developing compact and highly sensitive devices for
measuring parameters such as strain, twist/torsion, curvature etc. PCFs can be combined with
other fiber devices such as fiber Bragg grating or long period grating devices to achieve better
sensor performance, e.g. higher sensitivity, minimizing cross-talk and simultaneous multiple
parameter sensing. Inclusions of other substances into the holey structure of PCFs, bring
additional functionalities and enhanced sensor performance such as temperature sensors.
Moving forward, PCFs are expected for more exploitations and advancement of sensor devel-
opment for various sensing applications.
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We propose and demonstrate the concept of transversally chirped microstructured opti-
cal fiber and its application for the development of new platforms for sensing and tele-
communications devices. First, the feasibility of the structure is demonstrated through 
two different techniques of manufacture. Based on the proposed structure, a novel mode-
converter device is numerically studied. It is found that the mode conversion between 
LP01 and LP11 modes can be continuously tuned by temperature changes from 25 to 
75°C. And that, the coupling efficiency in the wavelength range between 1.2 μm and 1.7 
μm is always higher than 65%. Consequently, the proposed mode converter can oper-
ate in the E + S + C + L + U bands. Finally, a similar structure was used to design a new 
sensing architecture, which consisting of a dual-core transversally chirped microstruc-
tured optical fiber for refractive index sensing of fluids. We show that by introducing a 
chirp in the hole size, the microstructured optical fiber can be a structure with decoupled 
cores, forming a Mach–Zehnder interferometer in which the analyte directly modulates 
the device transmittance by its differential influence on the effective refractive index of 
each core mode. We show that by filling all fiber holes with analyte, the sensing structure 
achieves high sensitivity (transmittance changes of 302.8 per RIU at 1.42) and has the 
potential for use over a wide range of analyte refractive index.
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1. Introduction

In the last two decades, several technological breakthroughs were needed to increase and sat-
isfy the capacities of the optical links. Some important advances allow the connection between 
users through the implementation of optical fibers. One of the most important advances, 
related to these technological breakthroughs, is the use of broadband optical amplifiers to 
increase the length of optical links. On the other hand, different multiplexing techniques such 
as optical time division multiplexing (OTDM), wavelength division multiplexing (WDM) and 
polarization division multiplexing (PDM) have been implemented in transmission channels 
to increase the optical transmission system capacity. However, due the high growth in the 
demand, the transmission capacity of this technology has reached the limits imposed by the 
nonlinear effects in optical fiber [1, 2]. In order to keep up the growth of current optical com-
munication networks, it is necessary to implement new technological breakthroughs. One 
possibility is the implementation of independent spatial channels to send information. This 
technique is known as spatial division multiplexing (SDM) and can be implemented in two 
different schemes. Intuitively, in the multi-core fiber (MCF) scheme, each core acts as an inde-
pendent channel for sending the information [1], while in the modal division multiplexing 
(MDM) scheme, each mode is considered an independent transmission channel as in single-
mode fiber [3, 4]; hence, the key is to convert the fundamental fiber modes to higher order 
modes. As the processing systems are not prepared to work with hundreds of modes, in the 
MDM scheme it is preferred to work with few modes fibers (FMFs) [3, 4]. As with any new 
technology, emerging SDM systems require the development of new components such as 
optical fibers that support multiple spatial modes and integrated mode converters to control 
propagating modes, spatial mode multiplexers (SMUXs) and demultiplexers (SDEMUXs).

To address these needs, several works have reported different mechanisms to control the 
propagation modes in FMFs, such as long period fiber grating (LPFG), Fiber Bragg Gratings 
(FBG), tapers and phase mask [5–10]. Another interesting alternative is to use microstruc-
tured optical fibers (MOFs), also called photonic crystal fibers (PCFs), which offer flexibility 
in its design and the possibility of manipulating the optical properties of the device because 
its characteristics―dispersion, effective area, birefringence and nonlinearity, among others― 
depends on the diameter of holes, the separation between them and the shape of the micro-
structure [11–17]. Owing these characteristics, these type of optical fibers have been employed 
for the development of different devices such as polarization beam splitters [18], dispersion 
compensators [19, 20] and mode converters [5] to name a few.

Mode selective couplers (MSC) based on microstructured optical fiber (MOF) represent one of 
the best approaches to achieve mode conversion, avoiding the problems of other techniques―
bulky free-space optics, polished- and fused-type MSC―since the devices are compact, robust 
and efficient, and allows the possibility of manipulating its behavior based on the MOF geo-
metrical parameters [3, 21–24]. The principle of MSC is to phase match the fundamental mode 
in a single-mode fiber with a high-order mode in FMF.

In [23], Cai et al. proposed a mode converter based on a hybrid dual-core MOF, which 
contains an index-guided core and a photonic bandgap core. The air holes of the first ring 
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around one of the cores are replaced with high-index rods, then mode conversions can 
be continuously achieved by varying the refractive index of high-index rods The all-solid 
bandgap structure requires two suitable materials that are also compatible for drawing 
and splicing with few-mode fibers. In [24], the authors proposed a tuneable MSC based on 
a fully liquid-filled dual-core MOF with non-identical cores. The tuning of the wavelength 
in the S + C + L + U bands is performed by changing the refractive index (RI) of the filling 
fluid.

Simultaneously, the implementation of MOFs has allowed the development of a new fam-
ily of optical fiber sensors, which present higher sensitivity and compact sizes compared 
to sensors based in standard optical fibers and other technologies [25]. Some novel con-
figurations of these sensors have been implemented in the measurement of refractive index 
(RI) changes [26, 27], temperature [28, 29] and force [30–32], among others. The refractive 
index sensors are the most studied and applied in recent years in biological, medical and 
chemical applications [33–38]. Two general configurations for the interaction between the 
light and analyte in MOFs may be identified. In the first option, the analyte is located in the 
evanescent field of the waveguide [39, 40]. In the second option, the analyte can be inserted 
into the fiber holes and experience long range interaction with the guided light while main-
taining the waveguide, thereby ensuring a robust device [26, 41]. In addition, optical fiber 
sensors based on the dual-core MOF configuration are able to achieve improved sensitivity 
for RI measurements. In these structures, the fiber holes are filled with the analyte. Then, 
the refractive index of the sample modulates the device transmittance by its influence on 
the coupling between the cores. In [37], Markos et al. presented an experimentally feasi-
ble design of a dual-core microstructured polymer optical fiber (mPOF), which can act as 
a label-free selective biosensor. Numerical results indicate a sensitivity of 20.3 nm/nm―
wavelength shift per nm thickness of biolayer―achieved with a 15-cm-long device at visible 
region where the mPOF has the lowest absorbance. Recently, Wu et al. proposed and dem-
onstrated a novel configuration with a sensitivity of 30,100 nm per refractive index unit (nm/
RIU). This configuration is based on a directional coupler architecture using a solid- core 
PCF [42]. Yuan et al. demonstrated the design of an all-solid dual-core photonic bandgap 
fiber, in which a single hole between the cores acts as microfluidic channel for the analyte 
[43]. The predicted sensitivity was 70,000 nm/RIU. In 2011 [44], Sun et al. proposed and 
demonstrated a refractive index sensor based on the selectively resonant coupling between 
a conventional solid core and a microstructured core. Numerical results shown that this 
configuration could achieve a sensitivity of 8500 nm/RIU. However, these configurations 
have also some drawbacks, for instance, have complex design for the fiber cores or require 
selective filling. For this reason, the implementation of interferometric schemes in combi-
nation with these specialty fibers has emerged as a new alternative. In [26], we introduced 
the concept of transversally chirped solid-core MOF and reported a dual-core chirped MOF 
that could act as a structure with decoupled cores, thus forming a Mach-Zehnder interfer-
ometer in which the analyte directly modulated the device transmittance by its differential 
influence on the effective RI of each core mode, achieving a sensitivity of 300 per RIU for a 
12-mm-long device and analyte RI of 1.42. A year later, we designed a label-free biosensor 
by immobilization of an antigen sensor layer onto the walls of the air holes of rings sur-
rounding one core of the fiber. A sensitivity of around 3.7 nm/nm was achieved for a 10 mm 
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long device at near IR wavelengths [38]. Then, we studied some refractometric properties of 
these configuration using numerical models to improve the performance of this device [41].

The chirp concept has been widely used in one-dimensional structures such as chirped mir-
rors [45] and chirped fiber Bragg gratings where different spectral components are localized 
at different positions inside the chirped structure [46]. In both cases, the chirp was imple-
mented on the propagation direction. Chirping also has already been applied for design-
ing hollow core fibers with a radially chirped microstructured cladding [47]. By introducing 
a radial chirp into the photonic crystal structure, it was demonstrated a novel concept that 
breaks with the paradigm of lattice homogeneity and enables a new degree of freedom in the 
design of MOFs. Another important variation was reported by Ghosh et al. [48]. The authors 
proposed a novel chirped cladding as a novel tailoring tool to attain wider transmission win-
dow and reduced temporal dispersion in an all-solid Bragg-like MOF.

In this chapter, dual-core transversally chirped MOFs for active mode conversion in tele-
communications and sensing applications are presented. In the first part of this chapter, we 
explain the fabrication process of this novel structure. Next, we demonstrate that this type of 
MOF can be used to design a novel and tuneable mode-converter to improve the performance 
of the modern optical systems. Finally, a dual-core transversally chirped MOF is proposed to 
create a compact highly sensitivity optical fiber sensor.

2. Fabrication methodology

Two techniques can be used to fabricate dual-core transversally chirped MOFs. The first alter-
native consists in the implementation of the standard stack and draw technique [49, 50]. The 
first step is producing the preform, which is based on stacking of capillaries and rods. In our 
case, the diameter of the capillary should have a slight reduction in its diameter along the 
cross-section. Then, several slightly chirped preforms of about 1 mm were obtained by pull-
ing a ∼1 cm preform with a small transversal temperature gradient. The temperature gradi-
ent was produced by pulling the preform off-center [26]. After this process the fiber shown 
in Figure 1(a)  was obtained, which is characterized by a slight transverse chirp in the hole 
distribution.

The second alternative consists in tapering the MOF from the previous step, in such a way that 
fiber structures with a larger transverse chirp can be achieved. In our case, MOF tapers were 
produced by using the flame brushing technique. The MOF was mounted on a motorized 
stage. The fiber was heated using a butane flame, which was mounted on a second motorized 
stage. The butane flame was moved back and forth along the fiber axis as the taper was pulled 
simultaneously. In order to ensure that the holes do not collapse, it was applied pressure 
within the holes. Figures 1(b) and (c) show the cross-section of two tapered MOFs obtained 
with an applied pressure of 6 and 7 bars, respectively. From these results, it is evident that 
the pressure applied inside of fiber holes can control the transversal chirp of the pristine 
MOF. For example, the MOF with an applied pressure of 6 bars has a structure in which none 
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of the holes collapsed during the tapering process and the transverse chirping slope is smaller 
than the MOF obtained when the pressure was 7 bars.

3. Mode converter device

The cross-section of the proposed dual-core transversally chirped MOF MSC is shown in 
Figure 2. As we can see, the cladding holes are arranged in a hexagonal lattice with constant 
pitch Λ = 6 μm. The diameter of the circular air holes decreases linearly from dmax = 6 μm on 
the left side of the fiber to dmin = 0.9 μm on the right side. The considered MOF has two solid 

Figure 1. SEM images of (a) a dual-core transversally chirped MOF obtained with the standard stack and draw technique. 
(b) and (c) Dual-core transversally chirped MOF tapers obtained through the flame brushing technique at 6 and 7 bars, 
respectively, within the fiber holes.
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cores, which are separated by only one hole in the microstructure, that is, by 2Λ. In this case, 
we employ a small separation between both cores in order to guarantee power transfer. In 
addition, background material is silica, and its dispersion is given by Sellmeier’s equation 
[51]. Note that by the transverse chirping of the microstructure, the fiber cores obviously do 
not have the same shape. In this case, the right core is almost 1.8 times wider than the left core.

In our device, a RI-matching oil (Cargille Labs., n0 = 1.42 at room temperature) is chosen to be 
filled onto the MOF, and its thermo-optic coefficient is α = 3.94 × 10−4/C°, and the relationship 
between refractive index n and temperature T is to be n = n0 − α(T − T0) where T0 is the room 
temperature. A variety of functional fiber devices have been fabricated based on MOF fully 
infiltrated by fluid such as optical switches [52, 53], all-optical modulator [54], tunable optical 
filters [55] and fiber polarimeters [56].

According to our design, the fundamental mode LP01 in the left core is converted to the LP11 
mode in the right core. Because the right core supports two modes (LP01 and LP11), supermode 
analysis [57] was used to investigate the behavior of the temperature-controlled mode con-
verter. We performed finite element simulations under different temperature conditions at 
the particular free-space wavelength λ = 1.55 μm.

Figure 3 shows the effective index curves of symmetric (supermode 1) and antisymmetric 
(supermode 2) modes. From these results, it is evident that LP01 mode in the left core inter-
acts with LP11 mode in the right core. As expected, the effective refractive index neff of both 
supermodes decrease with increasing temperature. In addition, the effective index of  
symmetric mode is always slightly larger than that of antisymmetric mode, indicating that these 
supermodes have different propagation constants and therefore there is a beating between these 
two modes and, thus, the power fluctuates back and forth between the two cores.

Once it was determined which modes exchange energy, the coupled mode theory was applied 
to find the phase-matching conditions [57, 58]. Here, each core is analyzed as an independent 

Figure 2. Structure of the mode selective coupler based on a dual-core transversally chirped MOF.
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waveguide to avoid the perturbations caused by the presence of the other core. When the 
mode of the left core interacts with the mode of the right core, crossing occurs and propaga-
tion constants of the two modes are matched. Then, maximum power transfer can be achieved 
at the phase-matching wavelength.

Figure 4(a) presents the modal dispersion curves of LP01 mode in the left core and of LP11 
mode in the right core with different temperature values in the wavelength range 1.2–1.8 μm. 
Colored points in this figure represent the phase-matching wavelengths. Figure 4(b) shows 
the dependence of the operating wavelength on temperature. Therefore, the liquid-filling 
method is an easy method to tune the behavior of this device. According to this result, this 
mode converter could operate in the E + S + C + L + U bands.

To test the mode-conversion performance of the coupler, Figure 5 presents the normalized 
power as a function of fiber length at a wavelength of 1.55 μm. It is observed that almost 
100% of the power is coupled between the cores with the beating length Lc = 2 mm. This result 
shows that the proposed device is compact compared with other MOF-based mode convert-
ers [5, 7, 23–25].

Finally, the mode coupling efficiency of the device was evaluated. The results are depicted 
in Figure 6. From these results, it is evident that the mode coupling efficiency obtained with 
this structure presents a good performance in the E + S + C + L + U bands. As expected, the 
behavior of this device can be thermally controlled. It is observed that the phase-matching 
wavelength varies with the temperature change. It is found that when T increases, the operat-
ing wavelength also increases. In addition, coupling efficiencies above 65% were obtained in 
this study.

Figure 3. Supermode analysis of the dual core transversally chirped MOF when temperature varies from 25 to 75°C at 
an operating wavelength λ=1.55 μm.
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Figure 4. (a) Modal dispersion curves for LP01 mode in the left core and LP11 in the right core with temperature. (b) Operating 
wavelength as function of applied temperature on mode converter based on dual-core transversally chirped MOF.
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4. Refractive index sensor

The dual-core transversally chirped MOF that is considered for refractive index sensing of fluids 
has a similar structure to the fibers in Figures 1(b) and (c). Now, it is necessary to guarantee 

Figure 5. Normalized power transfer for the proposed mode-converter device with T = 25°C.

Figure 6. Comparison of mode coupling efficiency for different temperature values in the telecommunication windows.
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that the cores are uncoupled to exploit the fiber as a Mach-Zehnder interferometer (MZI) [27]. 
Then, the distance between the cores is increased to 4Λ, where in this new design Λ = 4.33 μm. 
This separation was considered because small fluctuations in fiber diameter due to fabrication 
tolerances may affect the performance of the sensor. In this structure, the diameter of the air 
holes decreases linearly from dmax = 2.6 μm to dmin = 0.6 μm, so the relative sizes of holes (d/Λ) 
range from 0.6 to 0.13 μm. As expected, the cores are non-identical because the holes around the 
right core are smaller than the holes around the left core. However, both cores are single-mode 
waveguides due to the slight chirp.

In addition, we consider as an example label-free antibody detection using the highly selec-
tive antigen-antibody binding based on our previous experience as another important varia-
tion [39]. Then, the first ring of air holes around the right core are functionalized for antibody 
detection by immobilization of an antigen sensor layer onto the walls of the holes as is shown 
in Figure 7. This layer can consist of a functionalization layer of a certain thickness in addition 
to the antigen layer. Then, we consider a layer with a thickness ts equal to 40 nm for sensing 
the antibody α-streptavidin with thickness ta = 5 nm. The refractive index of the sensor layer 
and α-streptavidin is 1.45 (we neglect the dispersion of the biomolecule layer).

From Figure 8 the operation of the sensor can be clearly understood. The refractometric sensor 
gains its sensitivity from the fact that only the mode of the right core has substantial overlap 
with the analyte. This arises because of the low fraction ratio (d/Λ) of holes that surrounding 
this core. Then the light is not well confined. Now, the RI of the analyte directly modulates 
the device transmittance by its differential influence on the effective refractive index of each 
core mode, resulting in a variable phase difference between the optical path lengths of the 
interferometer arms. Therefore, the proposed configuration was classified as a modal inter-
ferometer in the sense that two modes of the dual-core structure are interfering among them. 
Here, the performance of the sensor is compared with an interesting variation. It consists in 

Figure 7. Dual-core transversally chirped MOF biosensor with Λ = 4.33 μm and the hole diameter vary from dmax = 2.6 μm 
to dmin = 0.6 μm. In this design, the fiber cores are uncoupled.
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the  inclusion of biomolecule layers onto the walls of the holes, as already explained. We only 
apply this variation on the first ring of air holes around the right core in order to determine 
the impact on sensitivity of the proposed sensor.

Figure 9 shows the effective refractive index of each mode when the analyte RI changes from 
1.32 to 1.44 at λ = 633 nm. In this figure, we compared the obtained results of the MZI with and 
without biomolecule layers onto the walls of the holes. From these results, it is clear that in all 
cases the effective refractive index increases with the analyte RI. As expected, the behavior of 
the left core is the same in both configurations, due that this core has good confinement frac-
tion and no biomolecule layer. On the other hand, the results of the right core are different, 
the results with biomolecule layers presents bigger values in the effective refractive index in 
the whole range, which indicate that the presence of biomolecules can affect the behavior of 
our configuration. Although the asymmetric nature of the proposed schematic, the chirped 
MOF-based interferometer is insensitive to the polarization state of the input beam, as we 
can see from results illustrated in Figure 9. This is a great advantage because our sensor 
does not require controls of polarization. Then, its implementation could be easier than other 
configurations.

Figure 10(a) shows the effective refractive index difference between the two fundamental 
modes—for the two orthogonal polarizations and the two studied configurations—that prop-
agate through the fiber cores as a function of analyte RI. Now, from the effective refractive 
index difference, it is possible to determine the phase difference per unit length, which is 
given by Eq. (1). In this equation, Δneff is the effective refractive index difference between the 
two fundamental modes that propagate through the fiber cores.

  δ =   
2𝜋𝜋𝜋𝜋  n  eff  

 ______ λ    (1)

Figure 8. Fundamental mode distribution in left and right core at λ = 633 nm: Pitch Λ = 4.33 μm, dmax = 2.6 μm, dmin = 0.6 μm; 
all fiber holes are filled with an analyte of refractive index 1.32.
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Figure 10(b) shows the phase difference per unit length as a function of analyte RI. Here, we 
only present the results for x-polarization. As mentioned before, this sensor is polarization-
insensitive. As we can see, even though the analyte RI is low, the large differential overlap of 
the mode cores with the analyte results in a significant amount of phase difference. In both 
configurations, the phase difference increases exponentially. The configuration with biomol-
ecules layers present higher δ in the whole range compared with the configuration without 
biomolecule layers. The region from 1.32 to 1.40 presents a phase difference per unit length 
almost constant in both cases, while for analyte RI higher than 1.40 the phase difference per 
unit length increases strongly with analyte RI. These results show a better behavior for the 

Figure 9. Effective refractive index of the fundamental modes for both polarizations as a function of analyte refractive 
index. This figure compares obtained results for configurations with and without biomolecules layers.

Figure 10. (a) Effective refractive index difference between the two fundamental modes that propagate through the fiber 
cores as a function of analyte refractive index. (b) Phase difference between the two fundamental modes that propagate 
through the fiber cores as a function of analyte refractive index (x-polarization).
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Figure 11. Transmittance of the dual-core transversally chirped MOF for L = 50 mm and L = 70 mm as a function of 
analyte refractive index: (a) RI sensor without biomolecules layers; (b) RI sensor with biomolecules layers into the first 
ring of air holes around the right core.
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Figure 11. Transmittance of the dual-core transversally chirped MOF for L = 50 mm and L = 70 mm as a function of 
analyte refractive index: (a) RI sensor without biomolecules layers; (b) RI sensor with biomolecules layers into the first 
ring of air holes around the right core.
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configuration without biomolecules layers. We believe that it is due to that the layers help to 
confine the light within the right core.

The phase difference per unit length obtained in Figure 10(b) was analytically approximated 
by an exponential function, which was used to obtain the transmittance of the both sensing 
configurations. For a balanced interferometer, the normalized transmittance can be calculated 
by using the following expression

  T =  cos   2  (  𝛿𝛿L ___ 2  )   (2)

where L is the total length of the sensor. Note that as the analyte refractive index increases, 
the transmittance passes through a series of nulls and peaks as the phase difference increases. 
In our case, the fact that the periodic variation of transmittance is reducing indicates that 
the phase difference between the optical paths of the chirped MOF interferometer changes 
increasingly rapidly with increasing analyte RI. In addition, these results show that the best 
region to implement the proposed interferometric schemes is for analyte RI from 1.40 to 1.44.

For best sensitivity, the sensor must be biased to operate at 50% transmittance around a given 
value of refractive index. In practice, this condition may be achieved by fabricating the device 
with a length so that δ = π∕2 (plus any multiple of π radians), or by temperature or wave-
length tuning. In Figure 11(a), we can see that the sensitivity of the dual-core transversally 
chirped MOF structure scales with device length. For example, the sensitivity around na = 1.42 
is 3.028 × 102 RIU−1 for a 70-mm-long device, which gives a detection limit of 3.303 × 10−6 RIU 
assuming that we can detect transmittance variations of 10−3. On the other hand, from the 
Figure 11(b) the configuration with biomolecules layers in the first ring of air holes around 
the right core present a sensitivity equal to 1.83 × 102 RIU−1 around na = 1.42. In this case, the 
detection limit is 5.464 × 10−6 RIU. Based on the obtained results, it is clear that the best con-
figuration to measure refractive index changes is the scheme without biomolecules layers. In 
addition, other works presents the same order of sensitivity [44, 59] but using selective filling 
of some holes of the microstructure in order to improve the sensor performance.

5. Conclusion

In this chapter, we have presented the concept of dual-core transversally chirped micro-
structured optical fiber and how this structure can be used in different applications such as 
mode-converter devices and refractive index sensors. We have shown two simple methods to 
manufacture this specialty fiber. The effect of pressure inside of fiber holes was demonstrated 
and the transversal chirp of the MOF can be controlled.

Based on this novel concept, a mode selective coupler was designed and analyzed. We demon-
strated a promising platform to manufacture compact and highly efficient mode converters. 
Through the fluid-filling post-processing technique the operating wavelength and the cou-
pling efficiency can be can be continuously tuned by varying the temperature. The coupling 
efficiency over the entire wavelength range between 1.2 μm and 1.7 μm was greater than 65%. 
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Consequently, the proposed mode converter can operate in the E + S + C + L + U bands. In 
general, this kind of mode selective coupler has potential applications in MDM optical fiber 
communications since it can increase the channel capacity.

Finally, sensing possibilities enabled by the concept of transversally chirped microstructure 
have been proved, which can be exploited for refractive index sensing in an interferometric 
arrangement. We have also identified some features of this sensor, including high sensitivity 
and resolution and scalability of the sensitivity with sensor length. The sensor can be oper-
ated over a wide range of analyte refractive index values with a higher sensitivity compared 
to other selectively filled MOF sensors.
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Abstract

Multi-core fibers (MCFs) have sparked a new paradigm in optical communications, as
they can significantly increase the Shannon capacity of optical networks based on single-
core fibers. In addition, MCFs constitute a useful platform for testing different physical
phenomena, such as quantum or relativistic effects, as well as to develop interesting
applications in various fields, such as biological and medical imaging. Motivated by the
potential applications of these new fibers, we will perform a detailed review of the MCF
technology including a theoretical analysis of the main physical impairments and new
dispersive effects of these fibers, and we will discuss their emerging applications and
opportunities in different branches of science.

Keywords: multi-core fiber, inter-core crosstalk, birefringent effects, intermodal
dispersion, microwave photonics, optical sensors, medical imaging

1. Introduction

Data traffic demand in access and backbone networks has been increased exponentially in the
last three decades [1, 2]. Remarkably, in the last decade, the development of streaming trans-
missions and cloud computing has accelerated this growth [3]. Nowadays, in spite of the fact
that this data traffic demand is easily covered by wavelength-division multiplexed (WDM)
systems based on single-mode single-core fibers (SM-SCFs),1 recent works show that the WDM
systems are rapidly approaching their Shannon capacity limit [4].

Aimed to overcome the Shannon capacity limit of WDM networks using SM-SCFs, space-
division multiplexing (SDM) has been extensively investigated in recent years [5–7].

1
SM-SCFs are also termed in the literature as single-mode fibers (SMFs).
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SM-SCFs are also termed in the literature as single-mode fibers (SMFs).
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Remarkably, the SDM concept within the context of optical communications was proposed for
the first time in the decade of 1980 [8–10]. Unfortunately, the technology underneath SDM was
immature and extremely expensive. Nevertheless, the fabrication methods of the SDM fibers
and optical devices have been extensively developed in the last decade reducing their
manufacturing cost [11]. In this scenario, new types of optical fibers based on the SDM concept
have been proposed [5–12]: fiber bundle based on SM-SCFs, multi-mode single-core fibers
(MM-SCFs),2 single/multi-mode multi-core fibers (SM/MM-MCFs) and photonic crystal fibers.

In contrast with the other aforementioned SDM fibers, MCFs allow us to increase the channel
capacity limit of SM-SCFs by exploiting the six signal dimensions (time, wavelength, ampli-
tude, phase, polarization and space) through spatial multi-dimensional modulation formats
and digital signal processing at the receiver [13–15]. Interestingly, SCFs have also been used as
an experimental platform for testing different phenomena related to diverse branches of
physics, such as fluid dynamics, quantum mechanics, general relativity and condensed matter
physics, as well as to develop applications in other fields [16–23]. Along this line, MCFs are
potential laboratories that could extend the possibilities offered by SCFs. As an example,
disordered MCFs exhibiting transverse Anderson localization have been proposed with poten-
tial applications in biological and medical imaging [22].

Inspired by the potential applications of these new fibers, we perform a detailed review of the
MCF technology including a theoretical analysis of the main physical impairments and new
dispersive effects of these fibers, and we discuss their applications and opportunities in differ-
ent branches of physics, engineering and medicine. The chapter is organized as follows. In
Section II, the different MCF types are revisited. In Section III, we include some fundamental
aspects of light propagation in the linear and nonlinear fiber regime. Specifically, we focus on
the theoretical description of the physical impairments observed in these fibers in the single-
mode regime: the linear and nonlinear inter-core crosstalk, the intra- and inter-core birefrin-
gent effects, the intermodal dispersion and higher-order coupling and nonlinear effects. In
Section IV we discuss the main applications and opportunities of MCFs in photonics, medicine
and experimental physics. Finally, in Section V the main conclusions of the chapter and the
open research lines in the topic are highlighted.

2. Multi-core fiber types and fabrication

MCF designs can be classified in different categories attending to diverse fiber parameters and
characteristics. Table 1 shows the usual MCF designs employed for SDM transmissions and
MCF laser and sensing applications:

1. The refractive index profile of each core allows us to differentiate between step-index
(SI-MCF) and gradual-index MCFs (GI-MCF). In the former case, the refractive index
profile of all cores has a step between two constant values in the core and cladding
interface. However, in the latter case, a MCF is referred to as GI-MCF if at least one core

2
MM-SCFs are also referred to as multi-mode fibers (MMFs).

Selected Topics on Optical Fiber Technologies and Applications64

has a continuous refractive index profile. Along this line, we can make a distinction with a
third type of MCF: a trench- or hole-assisted MCF (TA-MCF or HA-MCF). In general, a
TA- and HA-MCF present a multi-step refractive index profile in the cladding to reduce
the mode-coupling (inter-core crosstalk) between the linearly polarized (LP) modes of
adjacent cores [7, 11, 12, 24]. Specifically, in a HA-MCF an additional step is included in
the cladding by performing holes around the cores [7].

MCF
classification

Type 1 Type 2 Figure/comments

Refractive index
profile

Step-index
SI-MCF

Gradual-index
GI-MCF

Modal regime Single-mode
SM-MCF

Multi-mode
MM-MCF

Spatial
homogeneity

Homogeneous cores
HO-MCF

Heterogeneous cores
HE-MCF

Core-to-core
distance (dab)

Uncoupled cores (dab ≥ 7�R0)
UC-MCF

Coupled cores (dab < 7�R0)
CC-MCF

Intrinsic linear
birefringence

Lowly birefringent cores
LB-MCF

Highly birefringent cores
HB-MCF

Others (1) Trench-assisted MCF (TA-MCF), (2) Hole-assisted MCF (HA-MCF), (3) MCF with coupled and
uncoupled cores, (4) Dispersion-shifted MCF (DS-MCF), (5) MCF Bragg gratings, (6) Hexagonal
shaped

cores…

Table 1. Classification of multi-core fiber types.
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2. A single-mode MCF (SM-MCF) supports only the LP01 mode in each core. In contrast, if a
given core guides several LP modes, the fiber is known as a multi-mode MCF (MM-MCF).
Moreover, a MCF supporting only the first three or four LP mode groups (LP01, LP11, LP21,
LP02) is usually termed as a few-mode MCF (FM-MCF) [7].

3. Attending to the spatial homogeneity of the MCF structure, we can make a distinction
between a homogeneous MCF (HO-MCF) or a heterogeneous MCF (HE-MCF). In the
former case, all cores present the same refractive index profile, and in the latter case, the
MCF comprises at least one core with a different refractive index profile3.

4. The core-to-core distance (or core pitch) is the main fiber parameter which determinates
the inter-core crosstalk level among the LP modes of each core. Usually, if the core pitch
between two homogeneous cores a and b (dab) is lower than seven times4 the core radius
R0, the LP modes of the cores are found to be degenerated and the MCF supports
supermodes [25]. In such a case, the MCF is referred to as a coupled-core MCF (CC-
MCF). On the contrary, if the LP modes of the cores a and b are non-degenerated, the
supermodes cannot be generated and each core is considered as an individual light path.
This fiber design is termed as uncoupled-core MCF (UC-MCF). Recent works have
reported a mixed design using coupled and uncoupled cores [26, 27].

5. If the intrinsic linear birefringence of each core Δn = |nx � ny| is lower than 10�7, the MCF
is referred to as lowly birefringent MCF (LB-MCF). Nonetheless, if a given core has a
Δn > 10�7 the MCF is known as a highly birefringent MCF (HB-MCF). In general, a HB-
MCF comprises elliptical or panda cores for polarization-maintaining applications [28, 29].

6. Other designs of MCFs involve: dispersion-shifted cores (DS-MCFs) [30], selective-
inscribed Bragg gratings [31] and hexagonal shaped cores [32].

Once the MCF cross-section design is established, the specific MCF fabrication method is of
key importance for the final optical transmission characteristics. MCF fabrication processes
have been refined and optimized in the last years with an intensive research work [5, 7, 33–37].
In this scenario, the main technological challenge in the design and fabrication of uncoupled
MCFs is to minimize the crosstalk providing the maximum core isolation. Usually, the design
work is performed numerically using commercial simulation packages. The simulation analy-
sis targets to determine the cross-section modal distribution, the spectral power density of the
LP modes, the associated power losses and the resulting inter-core crosstalk.

MCF fabrication can be addressed by microstructured stack-and-draw technology [36], a
flexible technology which allows us to fabricate very different fibers on the same machinery.
Unfortunately, MCF manufacturing is a complex process with nonlinear results on the process
parameters. In particular, some rods or capillaries configurations may be technically difficult
to draw into the designed form, which results in a MCF with higher crosstalk levels than in the

3
Two cores a and b have a different refractive index profile if na(ra) 6¼ nb(rb), where ra(b) is the local radial coordinate of each
core. Hence, two step-index cores have a different refractive index profile if na(ra = 0) 6¼ nb(rb = 0).
4
The condition dab < 7R0 is only an approximation in the third transmission window and in single-mode regime of each
core, with R0 ~ 4 μm. In general, the criteria to achieve the supermode regime in the MCF structure depend on additional
fiber parameters such as the refractive index profile and the wavelength of the optical carrier.
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original design. In this scenario, it is necessary to investigate the linear and nonlinear MCF
propagation taking into account not only the MCF manufacturing imperfections, but also
additional external fiber perturbations (see below). This would be of great benefit for investi-
gating multi-dimensional modulation formats, spatial encoding techniques and sharing of
receiver resources in MCF systems [38–41].

3. Linear and nonlinear propagation in real MCFs

In general, the electromagnetic analysis of a MCF should be performed by solving the macro-
scopic Maxwell equations (MMEs) in each dielectric region of the fiber (cores + cladding) and
applying the boundary conditions between the cores-cladding interfaces. However, the calcu-
lation of the exact MCF eigenmodes from the MMEs presents a high degree of complexity, and
usually, they should be calculated numerically. Therefore, in order to analyze theoretically the
electromagnetic phenomena in MCF media, the perturbation theory is usually employed.
Figure 1 shows a flowchart of this approach.

The goal is to derive a set of coupled equations from the MMEs in terms of the complex
envelopes of the electric field strength in each core performing the next steps:

1. First, we should propose the ansatz of the global electric field strength (E) of the MCF
structure following the assumption of the classical perturbation theory [42]: the exact
electric field strength is approximated by a linear combination of the mi polarized core
modes5 considering isolated cores, that is, assuming that the geometry of each core m is
not perturbed by the presence of adjacent cores [E ≈ ∑Emi]. At the same time, we should
decouple the rapid- and the slowly varying temporal and longitudinal changes of Emi. The

Figure 1. Flowchart of the perturbation theory in MCF media to derive the coupled equations from the macroscopic
Maxwell equations.

5
The polarized core mode mi refers to the LP01,mi mode associated with core m and polarization axis i.
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rapidly varying temporal changes are decoupled by using the slowly varying complex
amplitude approximation with Emi(r,t) ≈ f(Emi,ω0(r,t)), where Emi,ω0 is the complex ampli-
tude and ω0 is the angular frequency of the optical carrier6. In a similar way, the rapidly
varying longitudinal variations are decoupled by writing Emi,ω0 as a function of the
complex envelopes Ami(z,t), that is, Emi,ω0(r,t) ≈ f(Ami(z,t)). Although ɛmi is written assum-
ing isolated conditions, the complex envelopes should be assumed longitudinal depen-
dent to describe not only the usual longitudinal distortion7 of the optical pulses in SM-
SCFs, but also the longitudinal fluctuations induced by the mode-coupling. Moreover,
Emi,ω0 also involves fundamental information such as the ideal propagation constant
(�jβmi), the transversal eigenfunction (Fmi) and the MCF perturbations [bending, twisting
and additional fiber birefringent fluctuations modeled by the longitudinal and temporal
dependent phase function βmi

B + S(z,t)]8.

2. Each polarized core mode Emi is written by assuming isolated conditions of each core.
Therefore, the transversal eigenfunction Fmi and the ideal phase constant βmi can be
expressed as indicated in [44] for the LP01 mode of a single-core fiber. Moreover, taking
into account that the nonlinear effects are not included in the modal solution of [44] and in
the MCF perturbations βmi

B + S, thus the eigenfunction Fmi�exp (�j(βmi + βmi
B + S)z) should

satisfy the linear wave equation in each core and polarization in δz ~ λ0, where λ0 is the
maximum value of the wavelength of the optical carrier in the multi-dielectric medium9.

3. In the third step, the wave equation of the MCF should be derived for the complex
amplitudes Emi,ω0 from the MMEs by taking into account the cross- and nonlinear polar-
ization.

4. Finally, using the results of the first and second step in the MCF wave equation, we finally
derive the coupled equations of the complex envelopes by assuming the slowly varying
complex envelope approximation (SVEA), that is, δzAmi << |Ami| in δz ~ λ0 and δtAmi < <
|Ami| in δt ~ 2π/ω0. More specifically10:

∂2Ami

∂z2

����
����≪ k0

∂Ami

∂z

����
����≪ k20 Amij j; ∂2Ami

∂t2

����
����≪ω0

∂Ami

∂t

����
����≪ω2

0 Amij j, (1)

where k0 = 2π/λ0. Thus, we can approximate ∂z
2Ami ≈ 0.

In the following subsections, we will review the new physical impairments observed in SM-
MCFs using the aforementioned perturbation theory. First, we will describe the inter-core

6
In general, we cannot consider a single-optical carrier in SDM-WDM systems using SM-MCFs. However, the interchannel
nonlinearities should only be taken into account for optical pulses higher than 50 ps [43]. Therefore, the assumption of a
single-optical carrier allows us to investigate the major physical impairments in SM-MCFs.
7
Chromatic dispersion, polarization-mode dispersion and additional distortions induced by the intra-core nonlinear
effects.
8
In Section 3.1, we will be more specific with the description of the MCF perturbations.

9
The symbol λ0 is commonly used in the literature to describe the wavelength of the optical carrier at the vacuum. The
context should avoid any confusion.
10
Note that δzAmi and δtAmi are defined as δzAmi:= |Ami(z,t) � Ami(z + δz,t)| and δtAmi:= |Ami(z,t) � Ami(z,t + δt)|.
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crosstalk among cores when assuming a single polarization. Second, we will discuss the intra-
and inter-core birefringent effects by including two polarizations per core. Later, we will
analyze the intermodal dispersion and its impact on Gaussian pulses and optical solitons.
And finally, higher-order coupling and nonlinear effects will be investigated when propagat-
ing optical pulses in the femtosecond regime.

3.1. Inter-core crosstalk

In multi-dielectric media, we can observe mode-coupling among adjacent dielectric regions.
The continuity of the electromagnetic field in such media is the physical origin of the mode-
coupling, referred to as the inter-core crosstalk (IC-XT) in MCFs.

The IC-XT behavior is induced by the longitudinal and temporal deterministic and random
MCF perturbations. The longitudinal perturbations include the macrobending, microbending,
fiber twisting and the intrinsic manufacturing imperfections of the fiber. The temporal pertur-
bations are induced by external environmental factors, such as temperature variations and
floor vibrations modifying the propagation constant of each polarized core mode, the bending
radius and the twist rate of the optical medium. In spite of the fact that the deterministic nature
of the intrinsic manufacturing imperfections, the remaining perturbations present a random
nature, and therefore, the IC-XTwill have a stochastic evolution in the time and space domain
[33, 45–50].

Figure 2 shows the temporal evolution of the IC-XT measured during 26 hours in a homoge-
neous 4-core MCF [Fibercore SM-4C1500(8.0/125)] between two adjacent cores in the linear
and nonlinear regimes (power launch levels of 0 and 17 dBm, respectively). Although the
bending radius and the twist rate present a constant value in the experimental set-up (see [49]
for more details), the slight longitudinal and temporal local variations of both fiber parameters
induce a longitudinal and temporal random evolution of the IC-XT in both power regimes. In
addition, in the nonlinear regime, the Kerr effect is stimulated in the illuminated core 3
reducing the index-matching between the measured cores 1 and 3. In this scenario, the homo-
geneous cores 1 and 3 become heterogeneous when high power launch levels are injected in a

Figure 2. Measured temporal profile of the linear and nonlinear IC-XT between adjacent cores in a homogeneous 4-core
MCF (results based on [49]).
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crosstalk among cores when assuming a single polarization. Second, we will discuss the intra-
and inter-core birefringent effects by including two polarizations per core. Later, we will
analyze the intermodal dispersion and its impact on Gaussian pulses and optical solitons.
And finally, higher-order coupling and nonlinear effects will be investigated when propagat-
ing optical pulses in the femtosecond regime.

3.1. Inter-core crosstalk

In multi-dielectric media, we can observe mode-coupling among adjacent dielectric regions.
The continuity of the electromagnetic field in such media is the physical origin of the mode-
coupling, referred to as the inter-core crosstalk (IC-XT) in MCFs.

The IC-XT behavior is induced by the longitudinal and temporal deterministic and random
MCF perturbations. The longitudinal perturbations include the macrobending, microbending,
fiber twisting and the intrinsic manufacturing imperfections of the fiber. The temporal pertur-
bations are induced by external environmental factors, such as temperature variations and
floor vibrations modifying the propagation constant of each polarized core mode, the bending
radius and the twist rate of the optical medium. In spite of the fact that the deterministic nature
of the intrinsic manufacturing imperfections, the remaining perturbations present a random
nature, and therefore, the IC-XTwill have a stochastic evolution in the time and space domain
[33, 45–50].

Figure 2 shows the temporal evolution of the IC-XT measured during 26 hours in a homoge-
neous 4-core MCF [Fibercore SM-4C1500(8.0/125)] between two adjacent cores in the linear
and nonlinear regimes (power launch levels of 0 and 17 dBm, respectively). Although the
bending radius and the twist rate present a constant value in the experimental set-up (see [49]
for more details), the slight longitudinal and temporal local variations of both fiber parameters
induce a longitudinal and temporal random evolution of the IC-XT in both power regimes. In
addition, in the nonlinear regime, the Kerr effect is stimulated in the illuminated core 3
reducing the index-matching between the measured cores 1 and 3. In this scenario, the homo-
geneous cores 1 and 3 become heterogeneous when high power launch levels are injected in a

Figure 2. Measured temporal profile of the linear and nonlinear IC-XT between adjacent cores in a homogeneous 4-core
MCF (results based on [49]).
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given core. As a result, the MCF can be modeled in the nonlinear regime as an asymmetric
optical coupler with random behavior, and consequently, the IC-XT mean and variance is
reduced.

From these results, we conclude that the IC-XT has a random nature in both linear and
nonlinear power regimes. Hence, at this point it is natural to ask how the probability distribu-
tion is. In a first investigation of this impairment, the answer can be easily found from the
perturbation theory by assuming several initial simplifications: two cores a and b, a single
polarization x and monochromatic electric fields. The last two approximations allow us to
reduce the mathematical discussion of the IC-XT. In the next sections, these approximations
will be revisited. Therefore, following a similar and simple approach as in the first works of the
IC-XT [33, 45–50], the global electric field strength of the weakly guiding MCF (only two cores
a and b and a single polarization x) is expressed as:

E r; tð Þ ≈
X
m¼a, b

Em r; tð Þx̂ ≈
X
m¼a, b

Re Em,ω0 rð Þexp jω0tð Þ� �
x̂

¼
X
m¼a, b

Re Am zð ÞFm x; y;ω0ð Þexp �jβm ω0ð Þz� �
exp jω0tð Þ� �

x̂,
(2)

where Am is the complex envelope11 of the continuous wave in the core m = a,b satisfying
the SVEA; Fm is the transversal eigenfunction of the LP01 mode in the core m; and βm is the
phase constant at the angular frequency ω0 of the optical carrier. Note that the eigenmodes are
written in Eq. (2) assuming isolated cores. Nonetheless, as mentioned before, Am should be
assumed z-dependent to model the longitudinal variations induced by the IC-XT in the core
modes. Moreover, it can be noted that the MCF perturbations have been omitted in our ansatz
(first step of Figure 1). In these previous works [33, 45–50], the MCF perturbations will be
inserted heuristically12 in the fourth step with fortunate final results. Now, using Eq. (2) in the
MMEs and following the steps detailed in Figure 1 omitting the MCF perturbations, we obtain
the coupled equations of the classical coupled-mode theory (CMT) of an asymmetric and
nonlinear optical coupler:

j
dAa zð Þ
dz

¼ kabexp �jΔβbaz
� �

Ab zð Þ þ q1a Aa zð Þj j2Aa zð Þ, (3)

and a similar expression is found for dAb(z)/dz. In Eq. (3), kab is the linear coupling coefficient,
q1a is the self-coupling nonlinear coefficient and Δβba:= βb(ω0)�βa(ω0). In general, additional
linear and nonlinear coupling coefficients appear in Eq. (3) [50]. However, considering that the
core pitch is usually higher than four times de core radius in CC- and UC-MCFs, these

11
Note that in Eq. (2) we have employed a different function for the complex envelope as in Eq. (1). We will use A(z,t) to

describe the complex envelope in the non-monochromatic regime (optical pulses) and A(z) in the monochromatic regime
(continuous waves). Both functions are related as indicated in Section 3.3.
12
This strategy is mathematically questionable. Note that the propagation constants are assumed invariant in the ansatz

[Eq. (2)], but once we derive the coupled equations, we will assume that the MCF perturbations modify the propagation
constants. Although the final estimation of the IC-XT is in line with the experimental results in [47-51], in Section 3.2 we
will solve this mathematical inconsistence.
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coupling coefficients can be neglected [50]. The predominant coupling coefficients describe the
linear and nonlinear mode-coupling: kab models the linear mode overlapping between the
transversal eigenfunctions Fa and Fb, and q1a allows us to investigate the self-coupling effect in
the nonlinear regime (analog to the self-phase modulation which can be observed when
propagating optical pulses in a single-core fiber). At this point, the MCF perturbations can be
described by modifying heuristically the exponential term in Eq. (3) as follows:

exp �jΔβbaz
� �! exp �jΔfba zð Þð Þ ¼ exp �j

ðz

0

Δβ
eqð Þ

ba τð Þdτ
0
@

1
A, (4)

with Δβba
(eq)(z) = Δβba + Δβba

(B + S)(z), where Δβba
(B + S) describes the phase fluctuation induced

by the MCF perturbations. As can be seen, the temporal fluctuations of the propagation
constants are also omitted in Eq. (4) to simplify the first analysis of the IC-XT. The temporal
fluctuations of the crosstalk will be discussed later. Hence, the coupled-mode equation in a real
MCF is finally found as:

j
dAa zð Þ
dz

¼ kabexp �jΔfba zð Þð ÞAb zð Þ þ q1a Aa zð Þj j2Aa zð Þ: (5)

Remarkably, the revisited CMT constitutes a fundamental tool to estimate numerically the
IC-XT in SM-MCFs using the Monte Carlo method [50]. The numerical calculation can also be
performed in HA- and TA-MCFs by using Eq. (5) along with the corresponding closed-form
expression of the linear coupling coefficient kab detailed in [51]. Furthermore, the revisited
CMT allows us to derive the closed-form expressions of the IC-XT cumulative distribution
function (cdf), probability density function (pdf), mean and variance in the linear and
nonlinear regimes. Although the details of the mathematical discussion can be found in [33]
for the linear regime and in [50] for the nonlinear regime, let us summarize the main results of
these works.

The starting point is to consider a constant or quasi-constant bending and twisting conditions,
i.e. their average value much higher than their longitudinal random fluctuations. In such a
case, the phase-mismatching function of Eq. (4) can be expressed as [52]:

Δfba zð Þ ≈Δβbaz�
βadab

2πf T zð ÞRB zð Þ sin 2πf T zð Þz� �
, (6)

where RB(z) and fT(z) are the bending radius and the twist rate along the MCF length, respec-
tively13. The previous expression is the same as Eq. (2) of [52], but assuming to be null the
offset of the twist angle of the core a at z = 0. It should be noted that the power exchanged between
the cores a and b is maximized at the z-points where phase-mismatching function becomes null.
These points are referred to as the phase-matching points (denoted as NL and NNL in the linear

13
Eq. (6) is valid if and only if we can assume that RB > > δRB and fT > > δfT along the MCF length. In other case, Eq. (4) must

be solved numerically using the refractive index model of [33].

Multi-Core Optical Fibers: Theory, Applications and Opportunities
http://dx.doi.org/10.5772/intechopen.72458

71



given core. As a result, the MCF can be modeled in the nonlinear regime as an asymmetric
optical coupler with random behavior, and consequently, the IC-XT mean and variance is
reduced.

From these results, we conclude that the IC-XT has a random nature in both linear and
nonlinear power regimes. Hence, at this point it is natural to ask how the probability distribu-
tion is. In a first investigation of this impairment, the answer can be easily found from the
perturbation theory by assuming several initial simplifications: two cores a and b, a single
polarization x and monochromatic electric fields. The last two approximations allow us to
reduce the mathematical discussion of the IC-XT. In the next sections, these approximations
will be revisited. Therefore, following a similar and simple approach as in the first works of the
IC-XT [33, 45–50], the global electric field strength of the weakly guiding MCF (only two cores
a and b and a single polarization x) is expressed as:
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where Am is the complex envelope11 of the continuous wave in the core m = a,b satisfying
the SVEA; Fm is the transversal eigenfunction of the LP01 mode in the core m; and βm is the
phase constant at the angular frequency ω0 of the optical carrier. Note that the eigenmodes are
written in Eq. (2) assuming isolated cores. Nonetheless, as mentioned before, Am should be
assumed z-dependent to model the longitudinal variations induced by the IC-XT in the core
modes. Moreover, it can be noted that the MCF perturbations have been omitted in our ansatz
(first step of Figure 1). In these previous works [33, 45–50], the MCF perturbations will be
inserted heuristically12 in the fourth step with fortunate final results. Now, using Eq. (2) in the
MMEs and following the steps detailed in Figure 1 omitting the MCF perturbations, we obtain
the coupled equations of the classical coupled-mode theory (CMT) of an asymmetric and
nonlinear optical coupler:

j
dAa zð Þ
dz
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Ab zð Þ þ q1a Aa zð Þj j2Aa zð Þ, (3)

and a similar expression is found for dAb(z)/dz. In Eq. (3), kab is the linear coupling coefficient,
q1a is the self-coupling nonlinear coefficient and Δβba:= βb(ω0)�βa(ω0). In general, additional
linear and nonlinear coupling coefficients appear in Eq. (3) [50]. However, considering that the
core pitch is usually higher than four times de core radius in CC- and UC-MCFs, these
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Note that in Eq. (2) we have employed a different function for the complex envelope as in Eq. (1). We will use A(z,t) to

describe the complex envelope in the non-monochromatic regime (optical pulses) and A(z) in the monochromatic regime
(continuous waves). Both functions are related as indicated in Section 3.3.
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This strategy is mathematically questionable. Note that the propagation constants are assumed invariant in the ansatz

[Eq. (2)], but once we derive the coupled equations, we will assume that the MCF perturbations modify the propagation
constants. Although the final estimation of the IC-XT is in line with the experimental results in [47-51], in Section 3.2 we
will solve this mathematical inconsistence.

Selected Topics on Optical Fiber Technologies and Applications70

coupling coefficients can be neglected [50]. The predominant coupling coefficients describe the
linear and nonlinear mode-coupling: kab models the linear mode overlapping between the
transversal eigenfunctions Fa and Fb, and q1a allows us to investigate the self-coupling effect in
the nonlinear regime (analog to the self-phase modulation which can be observed when
propagating optical pulses in a single-core fiber). At this point, the MCF perturbations can be
described by modifying heuristically the exponential term in Eq. (3) as follows:
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by the MCF perturbations. As can be seen, the temporal fluctuations of the propagation
constants are also omitted in Eq. (4) to simplify the first analysis of the IC-XT. The temporal
fluctuations of the crosstalk will be discussed later. Hence, the coupled-mode equation in a real
MCF is finally found as:
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dz

¼ kabexp �jΔfba zð Þð ÞAb zð Þ þ q1a Aa zð Þj j2Aa zð Þ: (5)

Remarkably, the revisited CMT constitutes a fundamental tool to estimate numerically the
IC-XT in SM-MCFs using the Monte Carlo method [50]. The numerical calculation can also be
performed in HA- and TA-MCFs by using Eq. (5) along with the corresponding closed-form
expression of the linear coupling coefficient kab detailed in [51]. Furthermore, the revisited
CMT allows us to derive the closed-form expressions of the IC-XT cumulative distribution
function (cdf), probability density function (pdf), mean and variance in the linear and
nonlinear regimes. Although the details of the mathematical discussion can be found in [33]
for the linear regime and in [50] for the nonlinear regime, let us summarize the main results of
these works.

The starting point is to consider a constant or quasi-constant bending and twisting conditions,
i.e. their average value much higher than their longitudinal random fluctuations. In such a
case, the phase-mismatching function of Eq. (4) can be expressed as [52]:
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2πf T zð ÞRB zð Þ sin 2πf T zð Þz� �
, (6)

where RB(z) and fT(z) are the bending radius and the twist rate along the MCF length, respec-
tively13. The previous expression is the same as Eq. (2) of [52], but assuming to be null the
offset of the twist angle of the core a at z = 0. It should be noted that the power exchanged between
the cores a and b is maximized at the z-points where phase-mismatching function becomes null.
These points are referred to as the phase-matching points (denoted as NL and NNL in the linear

13
Eq. (6) is valid if and only if we can assume that RB > > δRB and fT > > δfT along the MCF length. In other case, Eq. (4) must

be solved numerically using the refractive index model of [33].
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and nonlinear regime, respectively). In general, in homogeneous SM-MCFs NL(NL) 6¼ 0, but in
the heterogeneous case, the phase-matching points can only be observed for a bending radius
with an average value14 RB lower than the threshold Rpk (phase-matching region15) [33]:

RB < Rpk ¼ dabβa= Δβba
�� ��: (7)

In the phase-matching region, we can use a first-order solution of Eq. (5) to perform the
statistical analysis of the IC-XT [33, 50]. Table 2 shows the analytical expressions of the linear
and nonlinear IC-XT distribution and its statistical parameters derived from the CMT. As can
be seen, the measured IC-XT pdf fits correctly to a chi-squared distribution with 4 degrees of
freedom. In the linear regime, the mean, variance and NL are constant with the optical power
launch level (PL). However, in the nonlinear regime, the Kerr effect detunes the phase constant
of the core modes as PL increases in the excited core 3 and, therefore, the homogeneous MCF
becomes heterogeneous. As a result, the statistical IC-XT parameters are reduced with
PL > 2 dBm, the critical optical power in silica MCFs [49].

Furthermore, note that these statistical parameters can be estimated from the mean of the
linear crosstalk μL,ab. Hayashi, Koshiba and co-workers reported in [47, 48] the closed-form
expressions to estimate μL,ab in different MCF designs with different bending twisting condi-
tions. For small bending radius with RB < Rpk, μL,ab can be estimated using Eq. (27) of [48], and
for large bending radius with RB > Rpk, μL,ab can be estimated from Eq. (21)16 of [47]. In Table 2
we also include the evolution of μL,ab with the average value of the bending radius in a
heterogeneous SM-MCF [47]. In the phase-matching region, the mean of the linear IC-XT
increases with RB. However, in the phase-mismatching region, the mean of the linear IC-XT is
reduced when RB increases.

Finally, it should be noted that the statistical analysis previously described is only focused on
the random longitudinal evolution of the IC-XT along the MCF considering a single polariza-
tion and temporal invariant conditions of the optical medium17. Hence, the following natural
step is to consider temporal varying conditions of the dielectric medium and two polarizations
per core.

3.2. Birefringent effects

Now, let us assume a 2-core SM-MCF operating in the monochromatic regime as in the
previous section, but considering two polarizations per core and both longitudinal and time-
varying random perturbations. These initial assumptions will allow us to predict the different

14
In the following equations, we denote the average value of the bending radius and the twist rate without the usual

brackets < > to simplify the mathematical expressions, that is, RB(z) � RB + δRB(z) and fT(z) = fT + δfT(z).
15
Note that Rpk = ∞ when considering homogeneous cores.

16
In [48], Eq. (21) is given as a function of the correlation length of MCF structural fluctuations. The MCF structural

fluctuations are all the medium perturbations except the macrobends. Microbends, fiber twisting or floor vibrations are
specific examples of the MCF structural fluctuations.
17
That is, the electrical permittivity is assumed to be temporally invariant.
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IC-XT Equations Figure/Comments

Probability density
function (pdf) f X xð Þ ≈ 16L2q21aP

2
Lx

3 þ 4x
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N2
NL Kabj j4 �

� exp � L2q21aP
2
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3 þ x

NNL Kabj j2=2

 !
u xð Þ
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μL,ab

1þbLPL
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2k2abRBLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βadab
RB

� �2
� Δβ2ba

r ; RB < Rpk

μL, ab ≈
2k2ablcL

1þ Δβbalc
� �2 ; RB > Rpk

Variance σ2NL, ab ≈
μ2
NL,ab
2 � σ2L, ab

1þbLPLð Þ2

Phase-matching points NNL ≈
μNL, ab
Kabj j2 � NL

1þbLPL

Table 2. Statistical distribution and parameters of the linear and nonlinear IC-XT. L is the MCF length, u is the Heaviside
step function, PL is the power launch level in the excited core b, Kab is the discrete coupling coefficient calculated from
Eq. (12) of [33], q1a is the nonlinear coupling coefficient, b is a constant which depends on additional MCF parameters [50]
[b = 0.5 in the Fibercore SM-4C1500(8.0/125)] and lc is the correlation length of the autocorrelation function of the MCF
structural fluctuations [47].

Multi-Core Optical Fibers: Theory, Applications and Opportunities
http://dx.doi.org/10.5772/intechopen.72458

73



and nonlinear regime, respectively). In general, in homogeneous SM-MCFs NL(NL) 6¼ 0, but in
the heterogeneous case, the phase-matching points can only be observed for a bending radius
with an average value14 RB lower than the threshold Rpk (phase-matching region15) [33]:

RB < Rpk ¼ dabβa= Δβba
�� ��: (7)

In the phase-matching region, we can use a first-order solution of Eq. (5) to perform the
statistical analysis of the IC-XT [33, 50]. Table 2 shows the analytical expressions of the linear
and nonlinear IC-XT distribution and its statistical parameters derived from the CMT. As can
be seen, the measured IC-XT pdf fits correctly to a chi-squared distribution with 4 degrees of
freedom. In the linear regime, the mean, variance and NL are constant with the optical power
launch level (PL). However, in the nonlinear regime, the Kerr effect detunes the phase constant
of the core modes as PL increases in the excited core 3 and, therefore, the homogeneous MCF
becomes heterogeneous. As a result, the statistical IC-XT parameters are reduced with
PL > 2 dBm, the critical optical power in silica MCFs [49].

Furthermore, note that these statistical parameters can be estimated from the mean of the
linear crosstalk μL,ab. Hayashi, Koshiba and co-workers reported in [47, 48] the closed-form
expressions to estimate μL,ab in different MCF designs with different bending twisting condi-
tions. For small bending radius with RB < Rpk, μL,ab can be estimated using Eq. (27) of [48], and
for large bending radius with RB > Rpk, μL,ab can be estimated from Eq. (21)16 of [47]. In Table 2
we also include the evolution of μL,ab with the average value of the bending radius in a
heterogeneous SM-MCF [47]. In the phase-matching region, the mean of the linear IC-XT
increases with RB. However, in the phase-mismatching region, the mean of the linear IC-XT is
reduced when RB increases.

Finally, it should be noted that the statistical analysis previously described is only focused on
the random longitudinal evolution of the IC-XT along the MCF considering a single polariza-
tion and temporal invariant conditions of the optical medium17. Hence, the following natural
step is to consider temporal varying conditions of the dielectric medium and two polarizations
per core.

3.2. Birefringent effects

Now, let us assume a 2-core SM-MCF operating in the monochromatic regime as in the
previous section, but considering two polarizations per core and both longitudinal and time-
varying random perturbations. These initial assumptions will allow us to predict the different
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step function, PL is the power launch level in the excited core b, Kab is the discrete coupling coefficient calculated from
Eq. (12) of [33], q1a is the nonlinear coupling coefficient, b is a constant which depends on additional MCF parameters [50]
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crosstalk types between the polarized core modes (PCMs) in a SM-MCF: (i) the intra-core
crosstalk (iC-XT) which describes the mode-coupling between orthogonal polarizations in a
given core; (ii) the direct inter-core crosstalk (DIC-XT) modeling the mode coupling between
the same polarization axis in different cores; and (iii) the cross inter-core crosstalk (XIC-XT)
involving mode coupling between orthogonal polarizations in different cores.

As depicted in Figure 3, in a real MCF, each core m = a,b can be modeled as a series of
birefringent segments with a different time-varying retardation and random orientation of
the local principal axes. Therefore, the first-order electrical susceptibility tensor χij

(1)(r;t) will
have both spatial and temporal dependence. As a result, in each segment of a given core m, the
propagation constant of the polarized core modes (PCMs) LP01x and LP01y presents a different
value due to the mentioned slight changes of χij

(1), and therefore, the transversal function Fmi of
each PCM “mi” (i = x,y) is also found to be spatial and temporal dependent.

In order to model theoretically this scenario, the concept of local mode is included in the
perturbation theory. A local mode can be defined as an eigenfunction in a short core segment
where the equivalent phase constant βmi

(eq) and the transversal function Fmi are approximately
invariant. Hence, each core can be separated in different segments and local modes where the
longitudinal and temporal birefringence conditions are approximately constant. In this way, in
contrast with the previous section, now the MCF perturbations are considered from the ansatz
inserted in the Maxwell equations. Specifically, the ansatz of the global electric field strength of
the MCF structure is now written as [53]:

E r; tð Þ ≈
X
m¼a, b

X
i¼x, y

Emi r; tð Þûi ≈
X
m¼a, b

X
i¼x, y

Re Emi,ω0 r; tð Þexp jω0tð Þ� �
ûi

¼
X
m¼a, b

X
i¼x, y

Re Ami z; tð ÞFmi x; y;ω0; z; tð Þexp �jΦmi z;ω0; tð Þð Þexp jω0tð Þ� �
ûi,

(8)

where the semicolon symbol is used to separate explicitly longitudinal and temporal changes
induced by the slowly varying MCF perturbations. Thus, note that the complex amplitude
Emi,ω0 is only a phasor with temporal changes much lower than the temporal oscillation of the
optical carrier (T0 = 2π/ω0). The MCF perturbations and the optical attenuation are described
by the complex phase function Φmi defined as:

Figure 3. MCF comprising different birefringent segments in cores a and b with longitudinal and temporal varying
fluctuations in the first-order electrical permittivity tensor.
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1
2
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(9)

with αmodeling the power attenuation coefficient of the MCF (assumed similar in each PCM),
and the real phase function fmi involving the ideal phase constant of the PCM and the
longitudinal and temporal MCF perturbations. Now, using Eq. (8) and performing the deriva-
tion of the perturbation theory as depicted in Figure 1, the following coupled local-mode
equation is found [53]:

j
∂
∂z

þ α
2

� �
Aax z; tð Þ ¼ max,ay z; tð Þexp �jΔfay,ax z; tð Þ

� �
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2
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� �
A∗

ax z; tð ÞA2
ay z; tð Þ,

(10)

where max,ay, kax,bx, qax and gax are the coupling coefficients defined in [53]; and the phase-
mismatching functions are defined as Δfay,ax:= fay � fax, Δfbx,ax:= fbx � fax and Δfby,ax:=
fby � fax. From the above equation, the following considerations are in order:

• In contrast with the previous section, the longitudinal and temporal MCF perturbations
are nowmodeled, not only by the phase-mismatching functions Δf(z;t), but also by space-
and time-varying coupling coefficients18. This coupled local-mode theory (CLMT) inher-
ently incorporates these stochastic perturbations in both functions, as they were directly
included in the Maxwell equations using Eq. (8).

• The CLMT is completed by three additional coupled local-mode equations for the ay, bx
and by PCMs, which can be obtained just by exchanging the corresponding subindexes in
Eq. (10). The herein presented theory is a general model which can be applied to SM-
MCFs comprising: coupled or uncoupled cores, lowly or highly birefringent cores, trench-
assisted, hole-assisted, and with gradual-index or step-index profile. In SM-CC-MCFs
with a core pitch value (dab) lower than three times the maximum core radius (R0 = max
{R0a,R0b}), additional nonlinear terms modeling cross-coupling effects should be included
in Eq. (10). However, if we assume a MCF with dab > > 3R0, the self-coupling effect is the
predominant nonlinear coupling effect and the additional nonlinear terms can be
neglected [53].

18
Note that the explicit dependence with ω0 has been omitted in the phase-mismatching functions and in the coupling

coefficients for the sake of simplicity.
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crosstalk types between the polarized core modes (PCMs) in a SM-MCF: (i) the intra-core
crosstalk (iC-XT) which describes the mode-coupling between orthogonal polarizations in a
given core; (ii) the direct inter-core crosstalk (DIC-XT) modeling the mode coupling between
the same polarization axis in different cores; and (iii) the cross inter-core crosstalk (XIC-XT)
involving mode coupling between orthogonal polarizations in different cores.

As depicted in Figure 3, in a real MCF, each core m = a,b can be modeled as a series of
birefringent segments with a different time-varying retardation and random orientation of
the local principal axes. Therefore, the first-order electrical susceptibility tensor χij

(1)(r;t) will
have both spatial and temporal dependence. As a result, in each segment of a given core m, the
propagation constant of the polarized core modes (PCMs) LP01x and LP01y presents a different
value due to the mentioned slight changes of χij

(1), and therefore, the transversal function Fmi of
each PCM “mi” (i = x,y) is also found to be spatial and temporal dependent.
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contrast with the previous section, now the MCF perturbations are considered from the ansatz
inserted in the Maxwell equations. Specifically, the ansatz of the global electric field strength of
the MCF structure is now written as [53]:
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where the semicolon symbol is used to separate explicitly longitudinal and temporal changes
induced by the slowly varying MCF perturbations. Thus, note that the complex amplitude
Emi,ω0 is only a phasor with temporal changes much lower than the temporal oscillation of the
optical carrier (T0 = 2π/ω0). The MCF perturbations and the optical attenuation are described
by the complex phase function Φmi defined as:

Figure 3. MCF comprising different birefringent segments in cores a and b with longitudinal and temporal varying
fluctuations in the first-order electrical permittivity tensor.
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with αmodeling the power attenuation coefficient of the MCF (assumed similar in each PCM),
and the real phase function fmi involving the ideal phase constant of the PCM and the
longitudinal and temporal MCF perturbations. Now, using Eq. (8) and performing the deriva-
tion of the perturbation theory as depicted in Figure 1, the following coupled local-mode
equation is found [53]:
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where max,ay, kax,bx, qax and gax are the coupling coefficients defined in [53]; and the phase-
mismatching functions are defined as Δfay,ax:= fay � fax, Δfbx,ax:= fbx � fax and Δfby,ax:=
fby � fax. From the above equation, the following considerations are in order:

• In contrast with the previous section, the longitudinal and temporal MCF perturbations
are nowmodeled, not only by the phase-mismatching functions Δf(z;t), but also by space-
and time-varying coupling coefficients18. This coupled local-mode theory (CLMT) inher-
ently incorporates these stochastic perturbations in both functions, as they were directly
included in the Maxwell equations using Eq. (8).

• The CLMT is completed by three additional coupled local-mode equations for the ay, bx
and by PCMs, which can be obtained just by exchanging the corresponding subindexes in
Eq. (10). The herein presented theory is a general model which can be applied to SM-
MCFs comprising: coupled or uncoupled cores, lowly or highly birefringent cores, trench-
assisted, hole-assisted, and with gradual-index or step-index profile. In SM-CC-MCFs
with a core pitch value (dab) lower than three times the maximum core radius (R0 = max
{R0a,R0b}), additional nonlinear terms modeling cross-coupling effects should be included
in Eq. (10). However, if we assume a MCF with dab > > 3R0, the self-coupling effect is the
predominant nonlinear coupling effect and the additional nonlinear terms can be
neglected [53].
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• The monochromatic equivalent refractive index model (ERIM) reported in [53] must be
used to calculate numerically the coupling coefficients and the phase-mismatching func-
tions. Thanks to the CLMTand the ERIM, we will observe that the temporal birefringence
fluctuation of each core modifies the average value of the iC-, DIC- and XIC-XT.

First, in order to analyze the longitudinal MCF random perturbations induced by MCF bend-
ing and twisting, a Monte Carlo simulation was performed using the CLMT along with the
ERIM considering a 2-m SI-SM-HO-UC-LB-2CF with cores a and b comprising a single bire-
fringent segment with the same birefringence average value of <Δnaj> = <Δnbj> = 10�7 (see the
specific fiber parameters in [53]). The temporal birefringence fluctuation of the 2CF was
omitted in this simulation. The numerical results are shown in Figure 4, where we can observe
the behavior of the mean of the iC-XT ay-ax DIC-XT bx-ax and XIC-XT by-axwhen changing the
bending radius RB and fiber twisting conditions fT.

As it can be noticed from Figure 4(a), we cannot observe intra-core mode-coupling between
ax-ay with fT = 0 in 2 m of the MCF. Macrobending increases the phase-mismatching between
the PCMs ax and ay without inducing iC-XT due to the photo-elastic effect [54]. As a result,
significant XIC-XT cannot be observed for short MCF lengths when fT = 0, as in the case of
Figure 4(c). Nevertheless, an average level of DIC-XT between �100 and �50 dB can be noted
from Figure 4(b) in non-twisting conditions depending on the RB value. In addition, the higher
the twist rate and the bending radius, the higher the iC-, DIC- and XIC-XT mean due to the
reduction of the phase-mismatching between the different PCMs of the 2CF. Note that DIC- and
XIC-XT means are balanced when the iC-XT mean achieves the value of 0 dB in Figure 4(a).
Therefore, MCF twisting can be proposed as a potential strategy for birefringence management
to balance the inter-core crosstalk between the different PCMs for short MCF distances. For
MCF distances of several kilometers, the iC-XT mean will be increased and the difference
between the mean of the DIC- and XIC-XTwill be reduced.

In addition, experimental measurements were performed on a 4CF [Fibercore SM-4C1500
(8.0/125)] analyzing the temporal birefringence of the optical media and its impact on the mean
of the crosstalk between the PCMs of the cores 1 and 3. Figure 5 shows the temporal fluctua-
tion of the linear birefringence and the crosstalk mean behavior between the PCMs of cores 1

Figure 4. Numerical simulation of the crosstalk between PCMs varying the bending radius and the twist rate in a 2-m SI-
SM-HO-UC-LB-2CF: (a) iC-XT mean ay-ax, (b) DIC-XT mean bx-ax, and (c) XIC-XT mean by-ax.
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and 3 measured in different days and months19. As shown in Figure 5(a), cores 1 and 3 present
a different average value of the linear birefringence estimated to be <Δn1,j> = 4.9�10�7 and
<Δn3,j> = 1.2�10�6, respectively (j = 1,…,15). It can be noted that the average value of the linear
birefringence is found to be constant in each core the three different measured months. More-
over, although the average value of the linear birefringence is different in each core, the
temporal evolution of the linear birefringence presents a similar shape in both cores. As can
be seen from Figure 5(a) and (b), the higher the linear birefringence in a given core, the lower
the mean of the iC-XT. Furthermore, it should be noted that iC-XT in core 3 is lower than in
core 1 due to a higher index-mismatching between the orthogonal polarizations. Remarkably,

Figure 5. Experimental results of the temporal linear birefringence fluctuation over different days and months of a 150-m
4CF, and corresponding intra- and inter-core crosstalk mean between cores 1 and 3 (NL: nonlinear regime). (a) Linear
birefringence of the cores 1 and 3, (b) iC-XT and (c) DIC- and XIC-XT. Results based on [53].

19
As the linear birefringence of each core remains unchanged during more than 10 hours in the laboratory room, we

analyzed the temporal birefringence fluctuation in different days and months, with similar temperature conditions in the
laboratory.
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• The monochromatic equivalent refractive index model (ERIM) reported in [53] must be
used to calculate numerically the coupling coefficients and the phase-mismatching func-
tions. Thanks to the CLMTand the ERIM, we will observe that the temporal birefringence
fluctuation of each core modifies the average value of the iC-, DIC- and XIC-XT.

First, in order to analyze the longitudinal MCF random perturbations induced by MCF bend-
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ERIM considering a 2-m SI-SM-HO-UC-LB-2CF with cores a and b comprising a single bire-
fringent segment with the same birefringence average value of <Δnaj> = <Δnbj> = 10�7 (see the
specific fiber parameters in [53]). The temporal birefringence fluctuation of the 2CF was
omitted in this simulation. The numerical results are shown in Figure 4, where we can observe
the behavior of the mean of the iC-XT ay-ax DIC-XT bx-ax and XIC-XT by-axwhen changing the
bending radius RB and fiber twisting conditions fT.

As it can be noticed from Figure 4(a), we cannot observe intra-core mode-coupling between
ax-ay with fT = 0 in 2 m of the MCF. Macrobending increases the phase-mismatching between
the PCMs ax and ay without inducing iC-XT due to the photo-elastic effect [54]. As a result,
significant XIC-XT cannot be observed for short MCF lengths when fT = 0, as in the case of
Figure 4(c). Nevertheless, an average level of DIC-XT between �100 and �50 dB can be noted
from Figure 4(b) in non-twisting conditions depending on the RB value. In addition, the higher
the twist rate and the bending radius, the higher the iC-, DIC- and XIC-XT mean due to the
reduction of the phase-mismatching between the different PCMs of the 2CF. Note that DIC- and
XIC-XT means are balanced when the iC-XT mean achieves the value of 0 dB in Figure 4(a).
Therefore, MCF twisting can be proposed as a potential strategy for birefringence management
to balance the inter-core crosstalk between the different PCMs for short MCF distances. For
MCF distances of several kilometers, the iC-XT mean will be increased and the difference
between the mean of the DIC- and XIC-XTwill be reduced.

In addition, experimental measurements were performed on a 4CF [Fibercore SM-4C1500
(8.0/125)] analyzing the temporal birefringence of the optical media and its impact on the mean
of the crosstalk between the PCMs of the cores 1 and 3. Figure 5 shows the temporal fluctua-
tion of the linear birefringence and the crosstalk mean behavior between the PCMs of cores 1

Figure 4. Numerical simulation of the crosstalk between PCMs varying the bending radius and the twist rate in a 2-m SI-
SM-HO-UC-LB-2CF: (a) iC-XT mean ay-ax, (b) DIC-XT mean bx-ax, and (c) XIC-XT mean by-ax.
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and 3 measured in different days and months19. As shown in Figure 5(a), cores 1 and 3 present
a different average value of the linear birefringence estimated to be <Δn1,j> = 4.9�10�7 and
<Δn3,j> = 1.2�10�6, respectively (j = 1,…,15). It can be noted that the average value of the linear
birefringence is found to be constant in each core the three different measured months. More-
over, although the average value of the linear birefringence is different in each core, the
temporal evolution of the linear birefringence presents a similar shape in both cores. As can
be seen from Figure 5(a) and (b), the higher the linear birefringence in a given core, the lower
the mean of the iC-XT. Furthermore, it should be noted that iC-XT in core 3 is lower than in
core 1 due to a higher index-mismatching between the orthogonal polarizations. Remarkably,

Figure 5. Experimental results of the temporal linear birefringence fluctuation over different days and months of a 150-m
4CF, and corresponding intra- and inter-core crosstalk mean between cores 1 and 3 (NL: nonlinear regime). (a) Linear
birefringence of the cores 1 and 3, (b) iC-XT and (c) DIC- and XIC-XT. Results based on [53].
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As the linear birefringence of each core remains unchanged during more than 10 hours in the laboratory room, we

analyzed the temporal birefringence fluctuation in different days and months, with similar temperature conditions in the
laboratory.
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the iC-XT mean presents a lower temporal fluctuation in the more birefringent core (core 3),
which occurs when the average value of the birefringence is higher than the temporal random
birefringence fluctuation (~10�7). In addition, we can observe from Figure 5(c) that the tempo-
ral evolution of the XIC-XT mean presents the same behavior as the iC-XT mean, indicating
that XIC-XT depends directly on the iC-XT of both cores. As a result, DIC-XT is higher than
XIC-XTwhen iC-XT is lower than 0 dB in both cores. The nonlinear crosstalk between de PCMs
1y-1x, 3y-3x, 3x-1x and 3y-1x was also measured the 5th, 6th and 15th days with a power
launch level of 6 dBm. The DIC- and XIC-XT mean is reduced around 1 dB keeping constant
the difference between both inter-core crosstalk types as a direct consequence of the constant
behavior of the iC-XT mean in nonlinear regime. Finally, note that the experimental measure-
ments of Figure 5 fit correctly with the CLMTwhen using the simulation parameters detailed
in [53].

Additional numerical calculations of the CLMT can be found in [53] involving both LB and HB
cores. Interesting, it is worth mentioning that the CLMT and the ERIM can be used to design
HB-MCFs with random orientation of the principal axes between adjacent cores to reduce the
mode-coupling between their PCMs. The concept is similar to the crosstalk behavior which can
be found in disordered MCFs exhibiting transverse Anderson localization [21]. Along this line,
a TA- and HA-cladding can also be considered in these fibers to obtain low DIC- and XIC-XT
levels. In all these scenarios, the CLMT can be used in the design work, with a lower compu-
tational time than numerical simulations based on FDTD (Finite-Difference Time Domain)
calculations.

The temporal fluctuation of the crosstalk has also been investigated in [55], but considering a
single polarization per core and inserting heuristically the MCF perturbations in the exponen-
tial terms of the CMT, in line with the initial crosstalk works [33, 45–50]. Specifically, in ref.
[55], the crosstalk transfer function has been discussed at the MCF output considering small
modulated signals, i.e. non-monochromatic electric fields. However, the comprehension of the
MCF propagation and the IC-XT in the non-monochromatic regime is not as straightforward
as initially foreseen. Hence, at this point, let us discuss the non-monochromatic regime with a
similar rigorous formalism as in [53] for the monochromatic case.

3.3. Intermodal dispersion and higher-order coupling and nonlinear effects

The theoretical study of the non-monochromatic regime will allow us to describe the propaga-
tion of optical pulses through a MCF. Focusing our efforts on SM-MCFs, additional physical
impairments should be included in Eq. (10), such as the group-velocity dispersion (GVD),
polarization-mode dispersion (PMD), intermodal dispersion and additional nonlinear effects.
Moreover, if we also consider the propagation of ultra-short optical pulses in the femtosecond
regime, the analysis of higher-order coupling and nonlinear effects should also be incorporated
to the coupled equations.

Although in the picosecond regime MCF propagation models have been proposed in [56, 57]
including polarization effects and the random longitudinal fiber perturbations (but omitting
the temporal fluctuations), in the femtosecond regime, existing MCF propagation models
exclude polarization effects and omit both temporal and longitudinal random perturbations

Selected Topics on Optical Fiber Technologies and Applications78

of the fiber [58–60]. In order to include these realistic fiber conditions in the mathematical
description of the propagation of femtosecond optical pulses through a MCF, a theoretical
model is proposed in [61] based on the concept of local modes. As can be seen later, the
intermodal dispersion induced by the MCF random perturbations can become one of the
major physical impairment in the single-mode regime of the fiber. Specifically, the intermodal
dispersion, also referred to as the mode-coupling dispersion (MCD) in this work, is induced in
the femtosecond regime not only by the mismatching between the propagation constants of
the PCMs, but also by the frequency dependence of their mode overlapping.

Our initial goal is to revisit the CLMT of the previous section but now assuming non-
monochromatic fields. In such a case, the ansatz of the global electric field strength of a SM-
MCF should be written as:

E r; tð Þ ≈
X
m¼a, b

X
i¼x, y

Emi r; tð Þûi ≈
X
m¼a, b

X
i¼x, y

Re Emi,ω0 r; tð Þexp jω0tð Þ� �
ûi, (11)

where the complex amplitude Emi,ω0 is now a bandpass signal with the slowly varying tempo-
ral changes of the electric field strength, given by the expression:

Emi,ω0 r; tð Þ ¼ 1
2π

ð
~Ami z;ω� ω0; tð ÞFmi x; y;ω; z; tð Þ�

� exp �jΦmi z;ω; tð Þ½ �exp j ω� ω0ð Þt½ �dω:
(12)

The functions involved in the previous equations are the same as in Eq. (8), but now expressed
in the frequency domain. Nevertheless, a fundamental remark of the complex envelope should
be taken into account at this point. As previously discussed in Figure 1, the slowly varying
longitudinal changes should also be decoupled from the rapidly varying longitudinal fluctua-
tions via the complex envelope. However, in Eq. (12) the rapidly and slowly varying longitu-
dinal changes are coupled in the first exponential term via the function fmi(z,ω;t). Therefore, in
order to decouple them and model the analytic function of the optical pulses, the complex
envelope should be rewritten as:

~Ami z;ω� ω0; tð Þ ¼ ~Ami z;ω� ω0; tð Þexp �j fmi z;ω; tð Þ � fmi z;ω0; tð Þð Þ½ �: (13)

Once we have written our ansatz of the global electric field strength, the following step is to
propose the wave equation of the PCMs (second step) and the wave equation of the MCF (third
step). In particular, in the third step, we will able to incorporate the higher-order nonlinear
effects via the constitutive relation between the global electric field strength and the nonlinear
polarization. Note that in the femtosecond regime, the aforementioned constitutive relation
should include the delay response of the electronic and nuclei structure of silica atoms [62]. For
optical frequencies well below the electronic transitions, the electronic contribution to the
nonlinear polarization can be considered instantaneous. However, since nucleons (protons
and neutrons) are considerably heavier than electrons, the nuclei motions have resonant
frequencies much lower than the electronic resonances and, consequently, they should be
retained in the constitutive relation as indicated in Eq. (S36) of [61]. Specifically, Raman
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the iC-XT mean presents a lower temporal fluctuation in the more birefringent core (core 3),
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[55], the crosstalk transfer function has been discussed at the MCF output considering small
modulated signals, i.e. non-monochromatic electric fields. However, the comprehension of the
MCF propagation and the IC-XT in the non-monochromatic regime is not as straightforward
as initially foreseen. Hence, at this point, let us discuss the non-monochromatic regime with a
similar rigorous formalism as in [53] for the monochromatic case.
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The theoretical study of the non-monochromatic regime will allow us to describe the propaga-
tion of optical pulses through a MCF. Focusing our efforts on SM-MCFs, additional physical
impairments should be included in Eq. (10), such as the group-velocity dispersion (GVD),
polarization-mode dispersion (PMD), intermodal dispersion and additional nonlinear effects.
Moreover, if we also consider the propagation of ultra-short optical pulses in the femtosecond
regime, the analysis of higher-order coupling and nonlinear effects should also be incorporated
to the coupled equations.

Although in the picosecond regime MCF propagation models have been proposed in [56, 57]
including polarization effects and the random longitudinal fiber perturbations (but omitting
the temporal fluctuations), in the femtosecond regime, existing MCF propagation models
exclude polarization effects and omit both temporal and longitudinal random perturbations
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of the fiber [58–60]. In order to include these realistic fiber conditions in the mathematical
description of the propagation of femtosecond optical pulses through a MCF, a theoretical
model is proposed in [61] based on the concept of local modes. As can be seen later, the
intermodal dispersion induced by the MCF random perturbations can become one of the
major physical impairment in the single-mode regime of the fiber. Specifically, the intermodal
dispersion, also referred to as the mode-coupling dispersion (MCD) in this work, is induced in
the femtosecond regime not only by the mismatching between the propagation constants of
the PCMs, but also by the frequency dependence of their mode overlapping.

Our initial goal is to revisit the CLMT of the previous section but now assuming non-
monochromatic fields. In such a case, the ansatz of the global electric field strength of a SM-
MCF should be written as:
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where the complex amplitude Emi,ω0 is now a bandpass signal with the slowly varying tempo-
ral changes of the electric field strength, given by the expression:
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The functions involved in the previous equations are the same as in Eq. (8), but now expressed
in the frequency domain. Nevertheless, a fundamental remark of the complex envelope should
be taken into account at this point. As previously discussed in Figure 1, the slowly varying
longitudinal changes should also be decoupled from the rapidly varying longitudinal fluctua-
tions via the complex envelope. However, in Eq. (12) the rapidly and slowly varying longitu-
dinal changes are coupled in the first exponential term via the function fmi(z,ω;t). Therefore, in
order to decouple them and model the analytic function of the optical pulses, the complex
envelope should be rewritten as:
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Once we have written our ansatz of the global electric field strength, the following step is to
propose the wave equation of the PCMs (second step) and the wave equation of the MCF (third
step). In particular, in the third step, we will able to incorporate the higher-order nonlinear
effects via the constitutive relation between the global electric field strength and the nonlinear
polarization. Note that in the femtosecond regime, the aforementioned constitutive relation
should include the delay response of the electronic and nuclei structure of silica atoms [62]. For
optical frequencies well below the electronic transitions, the electronic contribution to the
nonlinear polarization can be considered instantaneous. However, since nucleons (protons
and neutrons) are considerably heavier than electrons, the nuclei motions have resonant
frequencies much lower than the electronic resonances and, consequently, they should be
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scattering is a well-known effect arising from the nuclear contribution to the nonlinear polar-
ization. All in all, the coupled local-mode equations can be derived to describe the propagation
of ultra-short pulses in SM-MCFs. In particular, the coupled local-mode equation modeling the
propagation of the PCM ax is found to be [61]:
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where bD eqð Þ
ax is the equivalent dispersion operator in the PCM ax including the frequency

dependence of the MCF perturbations in the time domain; bα is the attenuation operator; the h
and u functions describe the isotropic and anisotropic Raman response, respectively; the f
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the PCMs ax-ay and ax-mx; bq Ið Þ
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ax, ay are the nonlinear mode-coupling dispersion opera-
tors associated with the instantaneous response of the nonlinear polarization and accounting

for the nonlinear mode overlapping between the PCMs ax-ax and ax-ay; and bq Rð Þ
ax and bg Rð Þ

ax, ay are

analogous to bq Ið Þ
ax and bg Ið Þ

ax, ay, but associated with the nonlinear polarization induced by the
delay response of the nuclei motion of silica atoms (Raman effect). A comprehensive descrip-
tion of the main parameters of the model can be found in [61].

It should be remarked that the linear operators of Eq. (14) are found to be longitudinal and
temporal dependent, instead of constant coupling coefficients and unperturbed propagation
constants. Thanks to these linear operators, Eq. (14) is able to describe accurately the linear and
nonlinear propagation of each PCM and the linear and nonlinear MCD including the longitu-
dinal and temporal MCF perturbations. Furthermore, it is worthy to note that the MCD is
induced in each birefringent segment by two different dispersive effects when propagating
femtosecond optical pulse through a MCF: (i) the frequency dependence of the local
mismatching between the phase functions fmi(z,ω;t) of the PCMs, referred to as the phase-
mismatching dispersion (PhMD); and (ii) the frequency dependence of the mode overlapping
between the PCMs, modeled by the coupling coefficients and referred to as the coupling
coefficient dispersion (CCD). As an example, the PhMD between the PCMs ax and mx is
given by the phase-mismatching Δfmx,ax(z,ω;t) and the CCD by the coupling coefficients
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~kax,mx z;ω; tð Þ and ~kmx,ax z;ω; tð Þ, both dispersive effects modeled by the operators bD eqð Þ
ax , bD eqð Þ

mx ,

bK eqð Þ
ax,mx and bK eqð Þ

mx,ax. Note that the equivalent dispersion operators bD eqð Þ
ax and bD eqð Þ

mx describe not
only the linear propagation of the PCMs ax and mx, but also the exact phase-mismatching
Δfmx,ax(z,ω;t) at each angular frequency ω at a given z point. The MCD can be observed in a
SM-MCF between the PCMs of different cores (inter-core MCD) and between the PCMs of a
single core (intra-core MCD). Note that the intra-core MCD is the well-known linear and
nonlinear polarization-mode dispersion (PMD). Hence, we will discuss in this subsection the
inter-core MCD (IMCD) involving the mode-coupling between the PCMs of different cores.

Although the proposed model allows us to investigate a wide range of propagation phenom-
ena in MCFs, our efforts are mainly focused on a deeper understanding of the IMCD induced
by the fiber perturbations. In order to clarify the impact of the MCF birefringence on this
physical impairment when propagating femtosecond optical pulses, Eq. (16) is solved numer-
ically in the linear and nonlinear regime of the fiber. In all the analyzed cases, we considered a
MCF comprising a fiber length of L = 40 m and two cores a and b distributed in a square lattice
as in the Fibercore SM 4C1500(8.0/125) but with a core-to-core distance dab = 26 μm. The
wavelength of the optical carrier λ0 was selected to be in the third transmission window with
λ0 = 1550 nm. The time variable was normalized using the group delay of the PCM ax as a
reference with tN = (t � βax

(1)z)/TP, where TP is defined in this work as the full width at 1/2e
(~18%) of the peak power.

As a first simple example, we considered an ideal homogeneous MCF, with RB = ∞ and fT = 0
turns/m. Figure 6(a) shows the simulation results of the CLMTwhen a 350-fs Gaussian optical
pulse is launched into the PCM ax at z = 0. In this example, the GVD and the PMD (induced by
the intrinsic random fiber birefringence) were omitted to isolate the effects of the first-order

Figure 6. IMCD impact on Gaussian pulses and optical solitons propagating through a SM-MCF. (a) 350-fs Gaussian
optical pulse propagation under ideal conditions. (b) 250-fs Gaussian optical pulse propagation with random bending
conditions. (c) 600-fs fundamental bright soliton with random bending and twisting conditions. The numerical results for
the PCMs ay and by can be found in [61].
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scattering is a well-known effect arising from the nuclear contribution to the nonlinear polar-
ization. All in all, the coupled local-mode equations can be derived to describe the propagation
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propagation of the PCM ax is found to be [61]:

j
∂
∂z

þ bD eqð Þ
ax þ 1

2
bα

� �
Aax z; tð Þ ¼ bM eqð Þ

ax, ayAay z; tð Þ þ
XN

m¼b

bK eqð Þ
ax,mxAmx z; tð Þ

þ bq Ið Þ
ax Aax z; tð Þj j2Aax z; tð Þ
� �

þ 2
3
bg Ið Þ
ax, ay Aay z; tð Þ�� ��2Aax z; tð Þ

� �

þ 1
3
exp �j2Δf 0ð Þ

ay,ax z; tð Þ
� �

bg Ið Þ
ax,ay A∗

ax z; tð ÞA2
ay z; tð Þ

� �

þ bq Rð Þ
ax f tð Þ∗ Aax z; tð Þj j2
� �

Aax z; tð Þ
h i

þ bg Rð Þ
ax,ay h tð Þ∗ Aay z; tð Þ�� ��2� �

Aax z; tð Þ
h i

þ 1
2
bg Rð Þ
ax, ay u tð Þ∗ Aax z; tð ÞA∗

ay z; tð Þ
� �h i

Aay z; tð Þ
n o

þ 1
2
exp �j2Δf 0ð Þ

ay,ax z; tð Þ
� �

bg Rð Þ
ax,ay u tð Þ∗ A∗

ax z; tð ÞAay z; tð Þ� �� �
Aay z; tð Þ� �

:

(14)

where bD eqð Þ
ax is the equivalent dispersion operator in the PCM ax including the frequency

dependence of the MCF perturbations in the time domain; bα is the attenuation operator; the h
and u functions describe the isotropic and anisotropic Raman response, respectively; the f

function is f:= h + u; the phase-mismatching term Δf 0ð Þ
ay,ax z; tð Þ≔fay z;ω0; tð Þ � fax z;ω0; tð Þ

describes the phase-mismatching between the PCMs ax and ay at ω0; bM eqð Þ
ax,ay and bK eqð Þ

ax,mx are,
respectively, the equivalent intra- and inter-core mode-coupling dispersion operators between

the PCMs ax-ay and ax-mx; bq Ið Þ
ax and bg Ið Þ

ax, ay are the nonlinear mode-coupling dispersion opera-
tors associated with the instantaneous response of the nonlinear polarization and accounting

for the nonlinear mode overlapping between the PCMs ax-ax and ax-ay; and bq Rð Þ
ax and bg Rð Þ

ax, ay are

analogous to bq Ið Þ
ax and bg Ið Þ

ax, ay, but associated with the nonlinear polarization induced by the
delay response of the nuclei motion of silica atoms (Raman effect). A comprehensive descrip-
tion of the main parameters of the model can be found in [61].

It should be remarked that the linear operators of Eq. (14) are found to be longitudinal and
temporal dependent, instead of constant coupling coefficients and unperturbed propagation
constants. Thanks to these linear operators, Eq. (14) is able to describe accurately the linear and
nonlinear propagation of each PCM and the linear and nonlinear MCD including the longitu-
dinal and temporal MCF perturbations. Furthermore, it is worthy to note that the MCD is
induced in each birefringent segment by two different dispersive effects when propagating
femtosecond optical pulse through a MCF: (i) the frequency dependence of the local
mismatching between the phase functions fmi(z,ω;t) of the PCMs, referred to as the phase-
mismatching dispersion (PhMD); and (ii) the frequency dependence of the mode overlapping
between the PCMs, modeled by the coupling coefficients and referred to as the coupling
coefficient dispersion (CCD). As an example, the PhMD between the PCMs ax and mx is
given by the phase-mismatching Δfmx,ax(z,ω;t) and the CCD by the coupling coefficients
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Δfmx,ax(z,ω;t) at each angular frequency ω at a given z point. The MCD can be observed in a
SM-MCF between the PCMs of different cores (inter-core MCD) and between the PCMs of a
single core (intra-core MCD). Note that the intra-core MCD is the well-known linear and
nonlinear polarization-mode dispersion (PMD). Hence, we will discuss in this subsection the
inter-core MCD (IMCD) involving the mode-coupling between the PCMs of different cores.

Although the proposed model allows us to investigate a wide range of propagation phenom-
ena in MCFs, our efforts are mainly focused on a deeper understanding of the IMCD induced
by the fiber perturbations. In order to clarify the impact of the MCF birefringence on this
physical impairment when propagating femtosecond optical pulses, Eq. (16) is solved numer-
ically in the linear and nonlinear regime of the fiber. In all the analyzed cases, we considered a
MCF comprising a fiber length of L = 40 m and two cores a and b distributed in a square lattice
as in the Fibercore SM 4C1500(8.0/125) but with a core-to-core distance dab = 26 μm. The
wavelength of the optical carrier λ0 was selected to be in the third transmission window with
λ0 = 1550 nm. The time variable was normalized using the group delay of the PCM ax as a
reference with tN = (t � βax

(1)z)/TP, where TP is defined in this work as the full width at 1/2e
(~18%) of the peak power.

As a first simple example, we considered an ideal homogeneous MCF, with RB = ∞ and fT = 0
turns/m. Figure 6(a) shows the simulation results of the CLMTwhen a 350-fs Gaussian optical
pulse is launched into the PCM ax at z = 0. In this example, the GVD and the PMD (induced by
the intrinsic random fiber birefringence) were omitted to isolate the effects of the first-order

Figure 6. IMCD impact on Gaussian pulses and optical solitons propagating through a SM-MCF. (a) 350-fs Gaussian
optical pulse propagation under ideal conditions. (b) 250-fs Gaussian optical pulse propagation with random bending
conditions. (c) 600-fs fundamental bright soliton with random bending and twisting conditions. The numerical results for
the PCMs ay and by can be found in [61].
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IMCD. In this way, the pulse is only propagated by the PCMs ax and bx. Remarkably, the pulse
splitting predicted by Chiang et al. in [58] appears induced by the first-order CCD: each
spectral component of the pulse presents a different coupling length as a direct consequence
of the linear frequency dependence of the power confinement ratio of the LP01 mode in each
core. As a result, the pulse propagation can be modeled in this case by two linear and time-
invariant systems with the impulse response proportional to the Dirac delta functions δ(t� Kz),
where K is the first-order frequency derivative of the coupling coefficient between the PCMs ax
and bx.

Another interesting effect of the first-order IMCD is related to the random birefringence that
arises from a randomly varying fiber bending radius. In this case, the effect of the first-order
PhMD along with the CCD can also be observed when considering a high number of MCF
birefringent segments where the bending radius fluctuates with a Normal distribution
between adjacent segments. We simulate the MCF of the first example considering a 250-fs
Gaussian optical pulse and 50 birefringent segments with a bending radius Normal distribu-
tion RB = N(μ = 100,σ2 = 40) cm. The numerical results are shown in Figure 6(b). It can be seen
that the group delay and the pulse splitting present a random evolution in each core due to the
stochastic nature of the MCF perturbations inducing a random differential group delay
between the PCMs ax and bx. In particular, this result can be employed for pulse shaping and
dispersion engineering applications.

In the third example, the IMCD effects are also investigated in the nonlinear fiber regime along
with the PMD (intra-core MCD). Specifically, the impact of such perturbations on a bright
soliton is analyzed. A 600-fs fundamental soliton (~350 fs full width at half maximum) was
launched into the PCM ax of a dispersion-shifted homogeneous 2-core MCF with usual GVD
parameters of β(2) = �1 ps2/km and β(3) = 0.1 ps3/km. The peak power (P0) required to support
the fundamental soliton is found to be around ~40 dBm considering a nonlinear refractive
index of nNL = 2.6�10�20 m2/W at 1550 nm. In order to simulate realistic MCF conditions, we
assume Δβbx,ax

(1) = 0.2 ps/km and Δβbx,ax
(2) = 0.1 ps2/km induced by manufacturing imperfec-

tions (similar values for the y-polarization). In this case, we also include the intrinsic linear
birefringence of the medium along with the linear and circular birefringence induced by the
fiber bending and twisting conditions. We consider 50 birefringent segments along the MCF
length, where the linear and circular birefringence fluctuate between adjacent segments. The
circular birefringence is induced by a random twist rate fT given by the Normal distribution
fT = N(μ = 0.1, σ2 = 0.01) turns/m. The linear birefringence is induced by: (i) the random bending
conditions with RB = N(μ = 100, σ2 = 40) cm; and (ii) the intrinsic linear birefringence of each
core, fixed to 2�10�7 in both cores a and b. According to Figure 6(c), we can observe that the
soliton condition is broken along the MCF propagation. The second-order PhMD becomes the
main physical impairment when Δβbx,ax

(2) 6¼ 0 in dispersion-shifted coupled-core MCFs, with a
reduced second-order GVD coefficient and core-to-core distance. Therefore, in the first propa-
gation meters, the additional chirp induced by the second-order PhMD along with the first-
order CCD increases the pulse width and reduces the peak power. As a result of the peak
power reduction, the pulse width is increased along the MCF length and the soliton peak is
shifted from its original position due to the first-order PhMD and the third-order GVD. In this
case, note that the effects of the Raman-induced frequency shift (RIFS) [63] and the self-
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steepening are difficult to observe with TP = 600 fs, L = 40 m, β(2) = �1 ps2/km, and P0 ≈ 40 dBm.
Nevertheless, in optical pulses of few femtoseconds and in MCFs with a higher second-order
GVD coefficient, the soliton distortion will be increased not only by the IMCD and the third-
order GVD, but also by the RIFS and the self-steepening nonlinear effects.

Although we have only discussed the main effects of the longitudinal birefringence of the
MCF, the analysis of the temporal perturbations of the medium can be found in [61]. It should
be noted that the IMCD can also fluctuate in time due to the temporal fluctuation of the MCF
birefringence modifying the value of the phase functions fmi(z,ω;t) for the PCM mi. Therefore,
the random group delay induced by the first-order PhMD in each MCF segment may present a
time-varying evolution.

For completeness, we investigate the fiber length scales over which the dispersive effects of the
IMCD should be considered in the pulse propagation phenomena when comparing this phys-
ical impairment with the GVD. To this end, we compare the GVD, CCD and PhMD lengths
considering a MCF without random perturbations, given by the expressions for the PCMs ax
and bx [61]:

LGVD≔T2
P= β 2ð Þ

ax

�� ��; LCCD≔TP=2 ~k
1ð Þ
ax, bx

���
���; LPhMD≔T2

P= Δβ 2ð Þ
bx,ax

���
���: (15)

Figure 7 depicts the comparison of the GVD, CCD and PhMD dispersion lengths. As can be
seen, the IMCD induced by the CCD becomes the predominant impairment in dispersion-
shifted coupled-core MCFs with a reduced core-to-core distance and Δβbx,ax

(2) = 0. On the other
hand, the GVD is expected to become the major physical impairment in homogeneous
uncoupled-core MCFs, with a core-to-core distance dab higher than 30 μm and Δβbx,ax

(2) ≈ 0, or
in heterogeneous MCFs with inter-core crosstalk levels lower than �30 dB. Nevertheless, the
GVD along with the IMCD induced by the second-order PhMD will be the predominant
physical impairments in homogeneous coupled-core MCFs with Δβbx,ax

(2) 6¼ 0.

Finally, it should be noted that the extension of Eq. (14) to the multi-mode regime is straight-
forward when including additional LP mode groups in the complex amplitude of the global
electric field strength Ei,ω0. Inserting Ei,ω0 in the Maxwell equations, the CLMT can be extended

Figure 7. Comparison of the dispersion lengths. (a) Group-velocity dispersion (GVD) length, (b) coupling coefficient
dispersion (CCD) length, and (c) phase-mismatching dispersion (PhMD) length.
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IMCD. In this way, the pulse is only propagated by the PCMs ax and bx. Remarkably, the pulse
splitting predicted by Chiang et al. in [58] appears induced by the first-order CCD: each
spectral component of the pulse presents a different coupling length as a direct consequence
of the linear frequency dependence of the power confinement ratio of the LP01 mode in each
core. As a result, the pulse propagation can be modeled in this case by two linear and time-
invariant systems with the impulse response proportional to the Dirac delta functions δ(t� Kz),
where K is the first-order frequency derivative of the coupling coefficient between the PCMs ax
and bx.

Another interesting effect of the first-order IMCD is related to the random birefringence that
arises from a randomly varying fiber bending radius. In this case, the effect of the first-order
PhMD along with the CCD can also be observed when considering a high number of MCF
birefringent segments where the bending radius fluctuates with a Normal distribution
between adjacent segments. We simulate the MCF of the first example considering a 250-fs
Gaussian optical pulse and 50 birefringent segments with a bending radius Normal distribu-
tion RB = N(μ = 100,σ2 = 40) cm. The numerical results are shown in Figure 6(b). It can be seen
that the group delay and the pulse splitting present a random evolution in each core due to the
stochastic nature of the MCF perturbations inducing a random differential group delay
between the PCMs ax and bx. In particular, this result can be employed for pulse shaping and
dispersion engineering applications.

In the third example, the IMCD effects are also investigated in the nonlinear fiber regime along
with the PMD (intra-core MCD). Specifically, the impact of such perturbations on a bright
soliton is analyzed. A 600-fs fundamental soliton (~350 fs full width at half maximum) was
launched into the PCM ax of a dispersion-shifted homogeneous 2-core MCF with usual GVD
parameters of β(2) = �1 ps2/km and β(3) = 0.1 ps3/km. The peak power (P0) required to support
the fundamental soliton is found to be around ~40 dBm considering a nonlinear refractive
index of nNL = 2.6�10�20 m2/W at 1550 nm. In order to simulate realistic MCF conditions, we
assume Δβbx,ax
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(2) = 0.1 ps2/km induced by manufacturing imperfec-

tions (similar values for the y-polarization). In this case, we also include the intrinsic linear
birefringence of the medium along with the linear and circular birefringence induced by the
fiber bending and twisting conditions. We consider 50 birefringent segments along the MCF
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conditions with RB = N(μ = 100, σ2 = 40) cm; and (ii) the intrinsic linear birefringence of each
core, fixed to 2�10�7 in both cores a and b. According to Figure 6(c), we can observe that the
soliton condition is broken along the MCF propagation. The second-order PhMD becomes the
main physical impairment when Δβbx,ax

(2) 6¼ 0 in dispersion-shifted coupled-core MCFs, with a
reduced second-order GVD coefficient and core-to-core distance. Therefore, in the first propa-
gation meters, the additional chirp induced by the second-order PhMD along with the first-
order CCD increases the pulse width and reduces the peak power. As a result of the peak
power reduction, the pulse width is increased along the MCF length and the soliton peak is
shifted from its original position due to the first-order PhMD and the third-order GVD. In this
case, note that the effects of the Raman-induced frequency shift (RIFS) [63] and the self-
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steepening are difficult to observe with TP = 600 fs, L = 40 m, β(2) = �1 ps2/km, and P0 ≈ 40 dBm.
Nevertheless, in optical pulses of few femtoseconds and in MCFs with a higher second-order
GVD coefficient, the soliton distortion will be increased not only by the IMCD and the third-
order GVD, but also by the RIFS and the self-steepening nonlinear effects.

Although we have only discussed the main effects of the longitudinal birefringence of the
MCF, the analysis of the temporal perturbations of the medium can be found in [61]. It should
be noted that the IMCD can also fluctuate in time due to the temporal fluctuation of the MCF
birefringence modifying the value of the phase functions fmi(z,ω;t) for the PCM mi. Therefore,
the random group delay induced by the first-order PhMD in each MCF segment may present a
time-varying evolution.

For completeness, we investigate the fiber length scales over which the dispersive effects of the
IMCD should be considered in the pulse propagation phenomena when comparing this phys-
ical impairment with the GVD. To this end, we compare the GVD, CCD and PhMD lengths
considering a MCF without random perturbations, given by the expressions for the PCMs ax
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to the multi-mode regime performing a similar mathematical discussion as in [61] in the single-
mode regime.

4. Current and emerging applications

Once we have reviewed the fundamental aspects of the linear and nonlinear propagation in
MCFmedia, we will discuss in this section the main applications and opportunities of the MCF
technology in photonics and diverse branches of sciences.

4.1. Backbone and access optical networks using multi-core fibers

SDM systems using MCFs have been extensively investigated in recent years targeting to
overcome the exponential growth of data traffic in the backbone and in the access network
[4–7].

The first laboratory MCF transmission was demonstrated in May 2010 [64]. Zhu and co-
workers used a SI-SM-HO-UC-LB-7CF with a hexagonal lattice. A novel network configura-
tion was proposed for passive optical network (PON) based on a bidirectional parallel trans-
mission at 1310 nm and 1490 nm and using a tapered MCF connector (TMC) for injecting and
extracting the optical signals in the MCF.

A set of MCF experiments were reported since 2011. Scaling in capacity demonstrations,
[65–67] should be mentioned. In [65] the authors demonstrated a 210 Tb/s self-homodyne
transmission system using distributed feedback (DFB) lasers and a 19-core TA-SM-HO-UC--
LB-MCF. Sakaguchi et al. reported in [66] a record capacity of 305 Tb/s over 10.1 km using the
same MCF as in [65], with an IC-XT mean of �32 dB between adjacent cores at 1550 nm. The
authors also fabricated a 19-channel SDM multiplexer/demultiplexer using free-space optics
with low insertion losses and low additional crosstalk. As another interesting example, Takara
et al. reported in [67] 1.01 Pb/s transmission over 52 km with the highest aggregate spectral
efficiency of 91.4 b/s/Hz by using a one-ring-structured 12-core TA-SM-HO-UC-LB-MCF. They
generated 222-channel WDM signals of 456-Gb/s PDM-32QAM-SC-FDM signals20 with 50-
GHz spacing in the C and L bands. Following significant efforts on the design and fabrication
of MCFs, demonstrations of SDM transmissions using MCF media for long-haul applications
have shown impressive progress in terms of capacity, reach, and spectral efficiency, as detailed
in Table 3.

On the other hand, cloud radio-access network (C-RAN) systems should also deal with this
huge future capacity demand in the next-generation wireless systems, e.g. 5G cellular technol-
ogy and Beyond-5G [75–77]. According to some telecom equipment manufacturers, it is
expected that 5G cellular networks will be required to provide 1000 times higher mobile data
traffic in 2025 as compared with 2013, including flexibility and adaptability solutions to
maximize the energy efficiency of the network [78, 79]. A new radio-access model supporting
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massive data uploading will be required considering additional transport facilities provided
by the physical layer [78–80].

Fronthaul connectivity performed by radio-over-fiber (RoF) transmission using single-input
single-output (SISO), multiple-input multiple-output (MIMO) configuration [81], sub-Nyquist
sampling [82], and ultra-wideband signals exceeding 400 MHz bandwidth has been proposed
for the 5G cellular generation [76, 77, 83]. The required channel capacity is further extended in
the case of Beyond-5G systems, where a massive number of antennas operating in MIMO
configuration, should be connected using RoF. To overcome the massive increment in the data
capacity demand, MCF has been recently proposed as a suitable medium for LTE-Advanced
(LTE-A) MIMO fronthaul systems [52, 83, 84].

MCFs open up attractive possibilities in RoF systems as different wireless signals can be
transmitted simultaneously over the same optical wavelengths and electrical frequencies in
different cores of the optical waveguide to provide multi-wireless service using a single laser at
the transmitter. Thus, MCF can also be proposed as an alternative to the classical SM-SCF [also
termed in the literature as the standard single-mode fiber (SSMF)] providing fronthaul connec-
tivity using multiple wavelength channels with multiple lasers. Additionally, MCFs with high
core density are suitable for connecting large phase array antennas performing multi-user
MIMO (MU-MIMO) processing [85]. Furthermore, network operators can offer a dynamic
and scalable capacity in the next cellular generation due to the aggregated channel capacity
provided by the MCF technology [86]. Moreover, the possibility of combining MCF-RoF
transmissions with additional multiplexing techniques such as time-division multiplexing
(TDM), WDM, PDM and mode-division multiplexing (MDM) [12] should be considered.

Year Ref. Fiber type Cores � modes Distance
(km)

Channel rate
(Gb/s)

WDM channels
per core

S/E (b/s/Hz) Total capacity
(Tb/s)

2011 [68] SM-MCF 7 � 1 2688 128 10 15 7

2012 [67] SM-MCF 12 � 1 52 456 222 91.40 1012

2012 [66] SM-MCF 19 � 1 10.1 172 100 30.50 305

2013 [65] SM-MCF 19 � 1 10.1 100 125 33.60 210

2014 [7] FM-MCF 7 � 2 1 4000 50 102 200

2015 [69] SM-MCF 7 � 1 2520 100 73 16 51

2015 [70] FM-MCF 36 � 2 5.5 107 40 108 432

2015 [71] FM-MCF 12 � 2 527 80 20 90.28 45

2015 [72] FM-MCF 19 � 4 9.8 40 8 345 29

2016 [73] FM-MCF 19 � 4 9.8 60 360 456 2050

2017 [74] SM-MCF 32 � 1 205.6 768 46 217.6 1001

Table 3. Summary of progress in MCF transmissions in recent years. The MCF type indicates only the modal regime
(additional characteristics of the MCF involving the index profile, the spatial homogeneity, the core pitch and the
birefringence can be found in the corresponding reference). The number of modes indicate the number of LP mode
groups supported by the MCF transmission. The channel rate includes PDM and the overhead for forward-error-
correction (FEC). The spectral efficiency and total capacity exclude the FEC overhead.
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to the multi-mode regime performing a similar mathematical discussion as in [61] in the single-
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generated 222-channel WDM signals of 456-Gb/s PDM-32QAM-SC-FDM signals20 with 50-
GHz spacing in the C and L bands. Following significant efforts on the design and fabrication
of MCFs, demonstrations of SDM transmissions using MCF media for long-haul applications
have shown impressive progress in terms of capacity, reach, and spectral efficiency, as detailed
in Table 3.

On the other hand, cloud radio-access network (C-RAN) systems should also deal with this
huge future capacity demand in the next-generation wireless systems, e.g. 5G cellular technol-
ogy and Beyond-5G [75–77]. According to some telecom equipment manufacturers, it is
expected that 5G cellular networks will be required to provide 1000 times higher mobile data
traffic in 2025 as compared with 2013, including flexibility and adaptability solutions to
maximize the energy efficiency of the network [78, 79]. A new radio-access model supporting
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massive data uploading will be required considering additional transport facilities provided
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the transmitter. Thus, MCF can also be proposed as an alternative to the classical SM-SCF [also
termed in the literature as the standard single-mode fiber (SSMF)] providing fronthaul connec-
tivity using multiple wavelength channels with multiple lasers. Additionally, MCFs with high
core density are suitable for connecting large phase array antennas performing multi-user
MIMO (MU-MIMO) processing [85]. Furthermore, network operators can offer a dynamic
and scalable capacity in the next cellular generation due to the aggregated channel capacity
provided by the MCF technology [86]. Moreover, the possibility of combining MCF-RoF
transmissions with additional multiplexing techniques such as time-division multiplexing
(TDM), WDM, PDM and mode-division multiplexing (MDM) [12] should be considered.
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(additional characteristics of the MCF involving the index profile, the spatial homogeneity, the core pitch and the
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Figure 8 depicts the proposed fronthaul provision applied to converged fiber-wireless PON
including PDM to provide connectivity between the SSMF and MCF media.

Remarkably, the use of MCFs in the next-generation RoF fronthaul systems is proposed for the
first time in [52, 87]. In these works, it is investigated the performance of fully standard LTE-A
signals in MIMO and SISO configurations with the random IC-XT fluctuations and the dem-
onstration of fronthaul provision of both LTE-A andWiMAX signals using a 150-m SI-SM-HO-
UC-LB-4CF. In order to reduce the random fluctuations of the error vector magnitude (EVM)
induced by the IC-XT, the core interleaving nonlinear stimulation (CINLS) was proposed to
mismatch the phase constant of adjacent core modes reducing the temporal and spectral EVM
fluctuations of the MCF-RoF transmissions.

4.2. Signal processing

The potential application of MCFs is not only restricted to SDM transmissions. The inherent
capability of a MCF to modify the propagated signals allows us to investigate a vast scenario of
new applications for ultra-high capacity SDM transmissions and microwave photonics (MWP)
based on signal processing techniques. As we will see, the basic concept of the signal
processing using MCFs is a far richer scope than initially foreseen.

In particular, the use of MCFs for MWP applications based on signal processing was firstly
proposed by Gasulla and Capmany in [88]. In this work the authors investigate the suitability
of these new fibers to perform true-time delay lines (TTDLs), optical beamforming, optical
filtering and arbitrary waveform generation using heterogeneous cores. These applications have
been extensively researched in [30, 31, 89–93] with different MCF designs and experimental
setups. As an attractive example, it should be remarked the proposal reported in [31, 90], where
the inscription of selective Bragg gratings in a homogeneous MCF it was introduced in [90] and

Figure 8. Next-generation optical fronthaul system using MCF medium operating with a converged fiber-wireless PON
including optical polarization-division multiplexing (PDM) and mode-division multiplexing (MDM) transmissions.
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experimentally verified in [31] to achieve compact fiber-based TTDL without using heteroge-
neous cores. Along this line, other MWP applications such as optical beamforming can also be
performed by using homogeneous cores as described in [94]. In this work, Llorente and co-
workers propose a compact all-fiber beamformer based on a N-core homogeneous MCF.

On the other hand, the MCF signal processing also involves additional applications and
functionalities such as pulse shaping, dispersion engineering, modal conversion and modal
filtering applications. Remarkably, the engineering of the refractive index profile allows us to
implement these fashion features in MCF media. In this scenario, a fascinating proposal
recovered from the string and quantum field theory was firstly introduced in [95] within the
framework of photonics and further developed in [19, 96] to design SCFs and MCFs: the
supersymmetry (SUSY). Specifically, one-dimensional SUSY allows us to perform the afore-
mentioned MWP applications. The specific details can be found in [96] for cylindrical poten-
tials with axial symmetry. As an interesting example (among other applications detailed in this
work), we include here the description of a true modal (de)multiplexer (M-MUX/DEMUX)
using a 3-core MCF. Figure 9 shows the optical device and its functionality.

The device is designed using a 60-cmMCF comprising three cores a, b and cwith a core-to-core
distance dab = dac = 55 μm, R0 = 25 μm, and λ0 = 1550 nm [Figure 9(a)]. The index profiles of the
cores a and c are calculated by using the Darboux procedure. The index profile of the core b is
taken to be the step-index profile, with nb = 1.45 when r < R0. A 10-ps Gaussian optical pulse is
launched to the central core b, first in the LP01 mode, and later in the LP11 and LP21 modes with
a peak power of 0 dBm. The numerical simulation was performed using a beam propagation
method at λ0 = 1550 nm. Figure 9(b) shows the numerical results of the optical pulse propa-
gating through each LP mode in the M-DEMUX. It is worth noting that, in contrast with other
mode (de)multiplexing strategies [97–100], a true mode demultiplexing is achieved for each LP
mode. At the device output, the pulse launched into the LP11 mode of the core b is found in the
LP11 mode of the core a, the pulse launched into the LP01 mode of the core b is found in the
same mode and core, and the pulse launched into the LP21 mode of the core b can be observed

Figure 9. Modal (de)multiplexer based on a 60-cm 3-core MCF [96]. (a) Schematic structure of the optical device. (b) A 10-
ps Gaussian pulse propagating through the: LP01, LP11 and LP21 modes of the cores a, b, and c.
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neous cores. Along this line, other MWP applications such as optical beamforming can also be
performed by using homogeneous cores as described in [94]. In this work, Llorente and co-
workers propose a compact all-fiber beamformer based on a N-core homogeneous MCF.

On the other hand, the MCF signal processing also involves additional applications and
functionalities such as pulse shaping, dispersion engineering, modal conversion and modal
filtering applications. Remarkably, the engineering of the refractive index profile allows us to
implement these fashion features in MCF media. In this scenario, a fascinating proposal
recovered from the string and quantum field theory was firstly introduced in [95] within the
framework of photonics and further developed in [19, 96] to design SCFs and MCFs: the
supersymmetry (SUSY). Specifically, one-dimensional SUSY allows us to perform the afore-
mentioned MWP applications. The specific details can be found in [96] for cylindrical poten-
tials with axial symmetry. As an interesting example (among other applications detailed in this
work), we include here the description of a true modal (de)multiplexer (M-MUX/DEMUX)
using a 3-core MCF. Figure 9 shows the optical device and its functionality.

The device is designed using a 60-cmMCF comprising three cores a, b and cwith a core-to-core
distance dab = dac = 55 μm, R0 = 25 μm, and λ0 = 1550 nm [Figure 9(a)]. The index profiles of the
cores a and c are calculated by using the Darboux procedure. The index profile of the core b is
taken to be the step-index profile, with nb = 1.45 when r < R0. A 10-ps Gaussian optical pulse is
launched to the central core b, first in the LP01 mode, and later in the LP11 and LP21 modes with
a peak power of 0 dBm. The numerical simulation was performed using a beam propagation
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mode (de)multiplexing strategies [97–100], a true mode demultiplexing is achieved for each LP
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in the LP21 mode of the core c. Moreover, pulse shaping and dispersion engineering function-
alities can be incorporated in the proposed device as indicated in [96]. On the other hand, it
should be noted that the SUSY transformations presented in [96] can also be applied to axially
symmetric quantum and acoustic potentials as discussed in this work.

4.3. Multi-core fiber lasers, amplifiers and optical sensors

All-fiber designs of optical lasers, amplifiers and sensors using MCFs have been extensively
investigated in recent years [32, 101–111]. In particular, the multi-mode interference (MMI)
which can be observed through a chain SMF-MCF-SMF is widely employed in lasers, amplifiers
and optical sensors to improve the performance of classical designs based on SCFs [32, 104].

As one can expect, the basic concept of an active MCF is the natural evolution for the cladding
pumped rare-earth-doped fibers. The classical design using a single core offers an excellent combi-
nation of high efficiency and beam quality. However, high output powers are limited by the
stimulation of nonlinear effects. In that case, the increment of the mode field area is the obvious
solution to decrease the nonlinear effects. In this scenario, active MCFs offer the possibility of
reducing thenonlinear effectsusinga coupled-coredesign togenerate supermodeswith largemode
field area [101, 105]. Moreover, note that the gain medium is split at discrete regions (cores) inside
the cladding, and therefore, the thermal dissipation is higher than in the classical single-core design.
As a result, higher output powers can be achieved in MCF media [105]. On the other hand, in
contrastwith a SCFbundle, aN-coreMCF laser/amplifier only requires a single pumped laser forN
optical paths, with the corresponding energy cost reduction for the network operators [5, 106, 107].

In this topic, an intense research work has been developed in the last decade [5, 11, 12]. To date,
most CC-MCF lasers/amplifiers operate in the in-phase supermode combining high brightness
and near-diffraction limited far field profile. The selection of the in-phase supermode can be
performed by using diverse methods such as phase-locking and Talbot cavities [102]. As an
example, a monolithic fiber laser using a CC-MCF with highly and lowly reflective fiber Bragg
gratings (HR/LR-FBG) is shown in Figure 10(a) [104]. The MCF segment is located between the
HR-FBG and the LR-FBG creating an active cavity, where the MMI allows us to obtain a high-
contrast spectral modulation. In addition, the uniform illumination of the cores is achieved by
performing a cladding pumping scheme. Remarkably, this MCF laser design demonstrates the
direct correlation between the MMI in few-mode SCF systems and in the laser operation when
multiple supermodes oscillate simultaneously. Following a similar approach, additional MCF
laser and amplifier designs have been proposed in [103, 105]. Nevertheless, in long-haul SDM
transmissions the usual design is the multi-core erbium-doped-fiber-amplifier based on a
cladding pumped scheme [106, 107].

On the other hand, MCF sensors are also based on a similar concept as in the laser of the
previous example [see Figure 10(b)]. The sensor comprises two SSMFs spliced to a short MCF
segment with hexagonal shaped cores. The operating principle within the MCF segment is the
MMI, which induces a deep peak in the transmission spectrum. An external environmental
change shifts the spectral position of the minimum. As an specific example, let us consider a
temperature change. When increasing the temperature, the thermal expansion of the MCF
medium will increase the refractive index of the silica cores, and consequently, the peak will
be shifted to a longer wavelength [32].
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In the past, fiber optic sensors using SCFs have been widely discussed for sensing in a broad
range of industrial and scientific applications including temperature, force, liquid level, pres-
sure and acoustic waves, among other. Nowadays, the MCF technology allows us to design
and fabricate new optical sensors providing accuracy, high resolution, compactness, stability,
reproducibility and reliability [32, 108–111].

4.4. Multi-core fibers for medical applications

Multi-core optical fibers have also been studied in recent years within the context of medicine
for biomedical sensing and imaging applications [112–121]. Basically, biomedical sensors using
MCFs are based on the MMI technique previously described. Thus, let us now focus our
attention on biomedical imaging applications in the next paragraphs.

Nowadays, the main challenge in biomedical imaging is the study of cells in biological
tissues. In this scenario, the multiphoton microscopy and adaptive optics become fundamen-
tal technologies because of their benefits in cellular resolution, high sensitivity, and high
imaging rate [121]. In particular, the two-photon excited fluorescence (TPEF) microscopy
requires the use of adaptive optics to increase the imaging depth, in practice limited to
1 mm [122]. Remarkably, the so-called lensless endoscope is based on the TPEF microscopy
and adaptive optics adding at the same time the use of an optical waveguide [121]. The
waveguide should be capable of acquiring a multiphoton image of an object located at its
tip. To this end, MCFs have been proposed as a necessary technology for the realization of
ultrathin lensless endoscopes [112–121]. Figure 11 depicts different MCF types proposed for
biomedical imaging along with a basic scheme of adaptive optics using a spatial light
modulator (SLM).

Figure 10. MCF laser and optical sensor operating on the principle of multi-mode interference (MMI). (a) MCF laser
comprising a highly and lowly reflective fiber Bragg grating (HR/LR-FBG). (b) MCF optical sensor with hexagonal shaped
cores. Results based on [32, 104].
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In general, MCFs used for image transport require a high number of cores (>100) with low
IC-XT levels and low intermodal dispersion among cores. Therefore, the preferred design is a
SI-SM-HO-CC-LB-MCF, in line with the MCF shown in Figure 11(a). Examples of this MCF
type fabricated for medical imaging purposes can be found in [113–115], with dab < 20 μm and
IC-XT levels lower than �20 dB/m. In spite of the fact that the intermodal dispersion can be
reduced with a homogeneous design, disordered MCFs based on the transverse Anderson
localization have been reported in [22] to improve the image transport quality [see Figure 11(b)].
Specifically, the transverse Anderson localization of light allows localized optical-beam-trans-
port through a transversely disordered medium. Interesting, in disordered multi-dielectric
media, the resultant image quality can also be understood with the perturbation theory. In
general, disordered arranged non-homogeneous cores exhibit a high phase-mismatching
between their LP modes. As a result, the IC-XT level between adjacent core modes is found to
be of the same order or lower than in a homogeneous and periodically arranged design
[Figure 11(a)]. In a similar way and from our viewpoint, additional highly density MCF
designs could be investigated from the CLMT using HB cores with a random orientation of
the principal axes to minimize the IC-XT.

On the other hand, adaptive optics is required in the TPEF microscopy to recover the initial
imaging of the biological tissue [Figure 11(c)]. The advance on wave front shapers composed
by 2-D SLMs and deformable mirrors have spurred the main evolution in ultrathin endoscopes
[121]. Thompson et al. were the first to report imaging with a lensless endoscope based on a
waveguide with multiple cores [112]. Later, in 2013, Andresen and co-workers realized a
lensless endoscope employing a MCF similar to Figure 11(a) with extremely low IC-XT
between adjacent cores [113]. In the same line, additional works have been reported combining
MCF and MM-SCFs with adaptive optics in [114–120]. At present, the major aim in lensless
endoscopy using MCF media is to increase the core density with a reduced IC-XT and inter-
modal dispersion between neighboring cores [121].

4.5. Multi-core fiber opportunities in experimental physics

In the past, fiber-optical analogies have been investigated to use optical fibers as an experimental
platform for testing different physical phenomena in various fields, such as in quantum

Figure 11. MCFs and adaptive optics for medical imaging. (a) MCF with low IC-XTand periodically arranged cores [113],
(b) disorder MCF based on transverse Anderson localization, and (c) wavefront shaping with a single spatial light
modulator (SLM) for a MCF based lensless endoscope. Results based on [22, 114].
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mechanics, general relativity or condensed matter physics, among others [16–23]. In fact, a
specific example of solid-state physics has already been discussed in the previous subsection,
the Anderson effect, relying on the immobility of an electron in a disordered lattice [21, 22]. As
Anderson localization involves an interfering phenomenon, this effect has been extended to
optics. In [21], Anderson localization has been discussed in two-dimensional photonic lattices,
and in [22] it has been discussed its potential applications for medical imaging using disordered
MCFs, as pointed out before.More broadly, additional strong disorder phenomena in optics such
as the self-organized instability in MM-SCFs [123] can be generalized to MM-MCFs.

Another interesting example can be found in fluid dynamics in the studio of rogue waves on
deep water. The giant oceanic rogue waves emerge from the sea induced by many different
linear and nonlinear wave propagating effects [124]. Indeed, these nonlinear phenomena can
be investigated from a fiber-optical analogy [125]. The nonlinear wave propagation on deep
water and in a SM-SCF is described in both cases by a master equation: the nonlinear
Schrödinger equation (NLSE), as shown in Figure 12.

It can be seen that both propagating equations present a similar form, and therefore, the theoret-
ical results can be directly extrapolated from one field to another. Significantly, the emergence of
rogue waves can be analytically studied from the solutions of the NLSE referred to as solitons on
finite background (SFB) [126]. As a specific example, we include in Figure 12 the Akhmediev
breathers (ABs), the Peregrine soliton (PS) and the Kuznetsov-Ma (KM) solitons21. In a similar
way, the coupled NLSEs (CNLSEs) have also been discussed in the literature to gain physical

Figure 12. Analogy between fluid mechanics and optics. The NLSE describes the linear and nonlinear wave propagation
in different physical systems. Analytical SFB solutions of the NLSE: Akhmediev breathers (ABs), the Peregrine soliton (PS)
and the Kuznetsov-Ma (KM) solitons.

21
Many of these SFB solutions are termed in the literature as rogue waves. Nevertheless, the fundamental concept of rogue

waves emerging unexpectedly from the sea requires additional statistical criteria only fulfilled by higher-order SFB
solutions. In either case, the term rogue waves is commonly used for any analytical SFB solution of the NLSE.
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mechanics, general relativity or condensed matter physics, among others [16–23]. In fact, a
specific example of solid-state physics has already been discussed in the previous subsection,
the Anderson effect, relying on the immobility of an electron in a disordered lattice [21, 22]. As
Anderson localization involves an interfering phenomenon, this effect has been extended to
optics. In [21], Anderson localization has been discussed in two-dimensional photonic lattices,
and in [22] it has been discussed its potential applications for medical imaging using disordered
MCFs, as pointed out before.More broadly, additional strong disorder phenomena in optics such
as the self-organized instability in MM-SCFs [123] can be generalized to MM-MCFs.

Another interesting example can be found in fluid dynamics in the studio of rogue waves on
deep water. The giant oceanic rogue waves emerge from the sea induced by many different
linear and nonlinear wave propagating effects [124]. Indeed, these nonlinear phenomena can
be investigated from a fiber-optical analogy [125]. The nonlinear wave propagation on deep
water and in a SM-SCF is described in both cases by a master equation: the nonlinear
Schrödinger equation (NLSE), as shown in Figure 12.

It can be seen that both propagating equations present a similar form, and therefore, the theoret-
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insight between interacting rogue waves [127–130]. In this scenario, MCFs offer the possibility of
investigating the collision of these nonlinear solutions by using the CLMT [Eq. (14)]. In fact,
MCFs can be employed to elucidate the underlying wave propagation phenomena of any
physical systemwith propagating equations of the form of the CNLSEs, for example, superposed
nonlinear waves in coherently coupled Bose-Einstein condensates [130] or turbocharge applica-
tions in acoustics [131]. Remarkably, in acoustics, the CLMTreported in [60] can play an essential
role. Time-varying multi-core cylindrical acoustic ducts can be engineered with the same modal
properties as optical MCFs. Therefore, the presented theory can be employed to analyze the
intermodal dispersion and the randommedium perturbations in acoustic duct conductions.

On the other hand, additional exotic physical phenomena can also be explored in MCF media
expanding the possibilities of the classical SCFs. For example, an optical pulse propagating
through a SCF establishes a moving medium which corresponds to a space-time geometry.
Specifically, this gravitational approach was employed in [20] to demonstrate a fiber-optical
analogy of the event horizon in a black hole. Along this line, additional gravitational anomalies
could be investigated in a MCF when adjacent cores perturb the space-time geometry created
by an optical pulse propagating in a given core of the fiber.

Finally, it is worth mentioning that MCFs are being explored in other branches of experimental
physics as in astronomy [132]. The main advantage of these new fibers is the reduced core-to-
core distance which can be achieved in a single cladding. In particular, this property has
revealed special interest because of the superior fill factor22 to other approaches for creating
spectroscopic maps of galaxies or detecting exoplanets. The Sydney-AAOMulti-object Integral
field spectrograph (SAMI) project [133], responsible of performing a large spatial spectroscopy
of galaxies, pioneered the introduction of MCFs in astronomical observatories.

5. Conclusions and outlook

Multi-core optical fibers have been developed during the last decade, remarkably within the
context of SDM transmissions. In this chapter we have reviewed the main MCF types, the funda-
mental concepts of the linear and nonlinear propagation, and finally, their potential applications in
diverse fields of science. In spite of the fact that the fundamentals of theMCF technology have been
well elucidated in recent years, the main challenges in this topic involve the following points:

• The analysis of the longitudinal and temporal fluctuations of the crosstalk should be
further investigated in the multi-mode regime. To this end, the CLMT of [61] could be
extended to MM-MCFs. In addition, other theoretical models based on the Manakov
equations [56, 57] can also be employed and extended to the femtosecond regime.

• Existing and additional MCF fabrication methods should be explored and optimized not
only in the S + C + L optical bands, but also in the first and second transmission window.
In general, the manufacturing cost of a MCF and the peripheral devices (fan-in/fan-out

22
Fill factor: ratio between the cores and the total transversal area of the waveguide. Typically, in MM-SCFs (105/125) the

fill factor is of the order of 0.7. Using a MM-SCF or a fiber bundle of SM-SCFs a lot of dead space cannot be observed.
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connectors, lasers, amplifiers, photonic lanterns, power combiners, couplers, multiplexers,
etc) should be reduced.

• The efforts in future MCF designs must be focused on the increment of the core density
minimizing the IC-XT, the intermodal dispersion and the random linear birefringence
induced by the microbends. The impact of external perturbations such as the macrobends
and the fiber twisting should also be reduced in real-deployed MCF systems. Further-
more, new MCF designs should also be investigated for lensless endoscope integrating a
high number of cores with a reduced evanescent field in the cladding. In this scenario, it
has been proposed HB-MCFs with a random orientation of the principal axes in each core.

• Fronthaul connectivity performed by MCF-ROF transmissions should be spurred for the
next-generation wireless systems, e.g. 5G cellular technology and Beyond-5G. In this line,
selective-inscribed FBGs [31] and SUSYMCFs [96] will allow us to process the propagated
optical signals between the OLT and the microcell.

• On-line MIMO processing of MDM transmissions using MM-MCFs should be developed
to support real-time applications in backbone and access networks [134].

• Quantum communications are emerging as a fundamental key in network security [135].
Nowadays, quantum key distribution (QKD) is making the transition from the laboratory
to field trials [136]. In this scenario, the QKD through MCF media should be further
investigated for the next-generation optical SDM networks [137].
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more, new MCF designs should also be investigated for lensless endoscope integrating a
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has been proposed HB-MCFs with a random orientation of the principal axes in each core.
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selective-inscribed FBGs [31] and SUSYMCFs [96] will allow us to process the propagated
optical signals between the OLT and the microcell.

• On-line MIMO processing of MDM transmissions using MM-MCFs should be developed
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• Quantum communications are emerging as a fundamental key in network security [135].
Nowadays, quantum key distribution (QKD) is making the transition from the laboratory
to field trials [136]. In this scenario, the QKD through MCF media should be further
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Abstract

This work involves in designing and developing a POF-based directional coupler/splitter 
using lapping technique and geometrical blocks. Two fiber strands were first tapered at 
the middle and they were attached to the geometrical blocks and lapped together. Design 
parameters that are used to develop this coupler/splitter are core diameter, Dc, etching 
length, Le, bending radius, Rc, coupling length, Lc and pressure, Fc. All the parameters 
were taken into account during characterization and analysis of the designed coupler in 
order to find the most optimum prototype coupler/splitter. Characterizations are done 
by experimental set-up to test the efficiency, splitting ratio, coupling ratio, excess loss 
and insertion loss for all the couplers/splitters. Through the characterization process 
and analysis, the optimized coupler with high splitting ratio and low excess loss were 
identified. Throughout the experimental process, some of the fibers were improved and 
renewed in order to realize the design and development of the coupler using this tech-
nique. The device can also be utilized as an optical tap and the applications of the device 
are not only limited in in-house network but also in automotive applications. By using 
a platform, several splitting ratio can be obtained by integrating different core-cladding 
thickness and bending radius in order to get the desired splitting ratio and excess loss.
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technology, short-haul communication system, geometrical blocks
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1. Introduction

1.1. POFs for main medium in short-distance transmission

Polymer optical fibers (POFs) have many advantages compared to other communication 
medium such as glass fibers, copper cables and wireless communication system. Although 
glass fibers show high performance in terms of speed, higher bandwidth and minimal loss, 
POFs in the other hand, offer easy and cost-efficient processing and flexibility, whilst glass 
optical fibers are very brittle, expensive and the cost of installing overall system is very expen-
sive [1]. Therefore due to the complication of installation using glass optical fibers, where the 
fibers is easily broken and very sensitive, POFs are more handy and easy to install.

For short-haul distance application, POFs show lower attenuation and data transmission 
works perfectly within distance less than 1 km. Thus, POFs are more suitable as for medium 
transmission for home-networking, optical data buses for automotive applications or indus-
trial automation sector. Transmission method of using POFs have emerged as a highly-
potential candidate for cost-effective and future-proof solution [2]. Glass optical fibers have 
replaced copper for telephone networks and backbone wiring for buildings, however, still 
unable to be used in short distance applications due to its cost.

Polymer optical fibers are widely known around 1960s after glass optical fiber was intro-
duced as an effective transmission medium for optical communication. Over the decades, 
the performance of POFs have shown improvement in terms of transmission capability from 
having large attenuation as large as 300–20 dB/km and 3 dB/km for passive device such as 
optical splitter at visible wavelength [3]. Characteristics that give advantages for POFs include 
low insertion loss, low production cost, having thermal and mechanical stability and highly 
potential for mass production reliability. Although the loss of POFs is generally higher than 
silica or glass fiber, POFs are mostly used in intra office communication system where the 
distance requirement is only up to a few hundred meters where the losses are low and cost-
effective. It provides cost-effective solutions to short distance applications such as local area 
networks (LAN) and high speed internet access and in vehicles [4].

Multimode POFs particularly is chosen as the fiber technology that is largely employed in 
short-distance communication applications such as in LANs and interconnects. It is also 
driven by the needs of higher bit rates and lower cost as cost is one of the important drives in 
short distance communications.

1.2. DIY kit

Although for short-haul communication system, POFs show lower attenuation and cost-effec-
tive compared to glass optical fibers, however, there are lack of industry attention received 
due to less of industry marketing and education of the end user on how to utilize POFs in 
the system. The lack of information for the end-users on how to install POF-based devices 
and components lead to the limitation of POF utilization among the customers or end-users. 
Although huge companies of automobile and medical equipment companies have already 
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utilizes POFs, however, the lack of education of the end-users on the technique to install and 
implement the POFs in home-networking causes the industry to pay less attention on build-
ing POFs “do-it-yourself” components and devices [5, 6].

1.3. Green technology

About 3% of the world-wide energy is consumed by the information and communications tech-
nology (ICT) which contributes to the carbon dioxide (CO2) emissions [7]. Telecommunication 
applications can have a direct impact on lowering greenhouse gas emissions and power con-
sumption. Technical approaches of achieving green communication includes energy-efficient 
network architecture and protocol and energy-efficient wireless transmission techniques [7]. 
A green technology coupler/splitter is presented based on polymer optical fiber. The splitter 
has been fabricated by using harmless chemical solvent to etch the fiber and by using various 
radii of geometrical blocks as the platforms that are made of acrylic and aluminum.

Wavelength from eco-friendly light emitting diode (LED) is utilized to transmit signal. The 
red LED (650 nm) is capable to download and upload data through Ethernet cable or video 
signal. LED source used in the system is a solar powered product of semiconductor diode. 
Compared to incandescent light, light produced by LED is a cool light. The lifetime of LED 
surpass incandescent which has at most 50,000 hours. Compared to laser, LED is much safer 
source and little effort is needed to maintain and conduct the source.

The technique used to fabricate this device includes etching using harmless chemical solvent, 
acetone and also side-polishing. Both the techniques used are environmentally safe and easy 
to conduct. Acetone is a safe chemical solvent where studies suggest that acetone has low 
acute and low toxicity if being ingested or inhaled. It is not regarded as carcinogen, a muta-
genic chemical or cause chronic neurotoxicity effects. It is mostly used in cosmetic products, 
processed food and other household products. Acetone has been rated as “generally recog-
nized as safe” (GRAS) substance [8].

1.4. POF couplers

Polymer optical fiber coupler or splitter is a passive device that is built to perform functions 
required by optical communications such as isolator, circulator and attenuator [9]. Coupler or 
splitter is important device in the development of optical networks such as in transportations, 
local area network and for short-distance or in-house applications, in industrial automation 
or for sensor applications.

Optical couplers are used to combine two or more optical signal inputs from different paths 
into one output while splitters act oppositely. A particular message encoded as optical signal 
that needs to be delivered to several outputs at the same time can utilize 1 × N splitter so that 
the optical signal can be sent to different routes of optical fibers connected to intended end-
users or destinations [10]. The requirements for POF couplers are having small excess loss 
and insertion loss, various power splitting ratios, easy to develop, can be mass produced and 
having low cost.
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ing POFs “do-it-yourself” components and devices [5, 6].

1.3. Green technology

About 3% of the world-wide energy is consumed by the information and communications tech-
nology (ICT) which contributes to the carbon dioxide (CO2) emissions [7]. Telecommunication 
applications can have a direct impact on lowering greenhouse gas emissions and power con-
sumption. Technical approaches of achieving green communication includes energy-efficient 
network architecture and protocol and energy-efficient wireless transmission techniques [7]. 
A green technology coupler/splitter is presented based on polymer optical fiber. The splitter 
has been fabricated by using harmless chemical solvent to etch the fiber and by using various 
radii of geometrical blocks as the platforms that are made of acrylic and aluminum.

Wavelength from eco-friendly light emitting diode (LED) is utilized to transmit signal. The 
red LED (650 nm) is capable to download and upload data through Ethernet cable or video 
signal. LED source used in the system is a solar powered product of semiconductor diode. 
Compared to incandescent light, light produced by LED is a cool light. The lifetime of LED 
surpass incandescent which has at most 50,000 hours. Compared to laser, LED is much safer 
source and little effort is needed to maintain and conduct the source.

The technique used to fabricate this device includes etching using harmless chemical solvent, 
acetone and also side-polishing. Both the techniques used are environmentally safe and easy 
to conduct. Acetone is a safe chemical solvent where studies suggest that acetone has low 
acute and low toxicity if being ingested or inhaled. It is not regarded as carcinogen, a muta-
genic chemical or cause chronic neurotoxicity effects. It is mostly used in cosmetic products, 
processed food and other household products. Acetone has been rated as “generally recog-
nized as safe” (GRAS) substance [8].

1.4. POF couplers

Polymer optical fiber coupler or splitter is a passive device that is built to perform functions 
required by optical communications such as isolator, circulator and attenuator [9]. Coupler or 
splitter is important device in the development of optical networks such as in transportations, 
local area network and for short-distance or in-house applications, in industrial automation 
or for sensor applications.

Optical couplers are used to combine two or more optical signal inputs from different paths 
into one output while splitters act oppositely. A particular message encoded as optical signal 
that needs to be delivered to several outputs at the same time can utilize 1 × N splitter so that 
the optical signal can be sent to different routes of optical fibers connected to intended end-
users or destinations [10]. The requirements for POF couplers are having small excess loss 
and insertion loss, various power splitting ratios, easy to develop, can be mass produced and 
having low cost.
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Common types of optical splitter are directional, distributive and wavelength-dependent. The 
mechanism involves can be characterized as diffusion type, area-splitting type and beam-
splitting type. Evanescent wave coupling or radiative coupling is part of diffusion couplers. 
In evanescent wave coupling, two or more fibers are placed sufficiently closed to one another 
[11]. It is crucial to place the fibers in parallel over a finite distance known as coupling length 
so that the evanescent field from the primary fiber builds up a propagation field in the second-
ary fiber to provide two outputs.

A traditional silica optical coupler in one work is formed by placing the two polished-clad-
ding fibers closely together making the light couple from the direct branch to the coupling 
branch by evanescent field as shown in Figure 1. By changing the polishing depth or taper-
ing depth, the contact area and angle, certain modes can be selected and bandwidth can be 
enhanced in network systems [12]. When the light is transmitted to the coupler, some light 
will leak out to the branch and be transmitted as stable transmission mode due to the changed 
of waveguide structure by polishing. Some of the modes were selected by changing the angle 
of the contact areas of both fiber [12].

1.5. Existing technique of POF splitters/couplers

One of the advantages of polymer optical fibers as compared to other cable types is the simple 
connector fittings. Copper cables for high data transfer rates mostly require the connection of 
twisted pairs that must be individually shielded. At frequencies of several 100 MHz, however, 
cutting open the shielding over a distance of 1 cm results in a noticeable drop in quality of 
the connection. Glass fibers in the other hand, have a core diameter between 10 and 200 μm. 
Precise guides are required and glass fibers cannot simply be cut. The face must either be pre-
cisely cut by craving with diamond blade or the face must be polished after the cutting. Other 
advantages for POF is due to its material where the surface of plastics can be smoothed by both 
cutting and simple polishing and thermal smoothing of the surface is also possible for PMMA.

One of the existing couplers that have been fabricated is done by [7] where the team had 
demonstrated for the first time that the POF devices can be fabricated by hand using fused 

Figure 1. Lapping fibers.

Selected Topics on Optical Fiber Technologies and Applications106

technique. The temperature, stress and splitting technique are the most important parameters 
to fabricate low loss device. With some modification the device can be used for the extended 
function such as demultiplexer which is fabricated from uniformity optical splitter [7].

Other techniques include cutting and gluing where in this technique, POF is cut at certain angle 
using hot knife and glue is applied to attach the two segments of POF. Thermal deformation is 
a technique where two POF ends are shaped into semicircular form by thermoplastic deforma-
tion using hot plate flattening technique. Molding in the other hand is a technique where POF 
is assembled by a polymer waveguide. Lithography method is used to fabricate the mold [3].

1.6. Etching technique

There are several ways of technique to develop a coupler/splitter. In some cases, tapering is 
done unto the fibers in the process of developing the coupler. One of the tapering techniques 
is using chemical etching [4, 5]. Tapering offers unique optical properties that have applica-
tion to couplers and sensors. The change of diameter can redistribute the modes within the 
core or remove selected modes. The penetration depth of the evanescent field and proportion 
of power within this field increases in the tapered section. The change in diameter is used 
for coupling fibers or interface fibers to devices [13]. This technique has been used by [13] 
where the cladding of the fiber is thinned using hydrofluoric acid where cladding layer of 
four micron thick is removed. A technique for removing the cladding of polymethylmethac-
rylate (PMMA) polymer optical fiber using chemical solvent is used to create etched tapers of 
a certain length in the middle part of the fiber [14]. PMMA POF is a thermoplastic with soften-
ing temperature of 75–80°C. Heat drawing sometimes done unto POF for tapering, however, 
polymer is not so compatible with drawing due to the latent stress within the structure from 
production and different physical properties of core and cladding [13]. Thus, etching is by far 
one of the best methods. The process is simple, low cost and requires no sophisticated equip-
ment and is a safe process since it involves a harmless chemical solvent which is acetone.

PMMA is dissolved using organic solvents such as acetone and methyl isobutyl ketone 
(MIBK) in order to remove the polymer in concentric layers as required. The method requires 
no tension to be applied on fiber under etching process so as to prevent brittle stress fracture 
from occurring and break the fiber. Isopropyl alcohol is used to neutralize the solvent and 
leave the exposed core clean and grease-free. Once the region has been washed, it will return 
to PMMA physical and chemical properties.

By tapering the multimode optical fiber cladding, higher modes of the fiber are removed 
while some other modes are redistributed. As the tapered section is developed, the evanes-
cent field and proportion of total power within this field increases in the affected region. This 
technique is conventionally applied to glass fibers, however, POF has becoming widely used 
in optical communication systems and this method can be as a potential towards fabricating 
a practical coupler using this technique.

The etching process of POF gives an optically smooth surface of similar quality to the original 
POF due to the polymer quality of POF. If the tapered region is cleanse and washed appropri-
ately the core material section will remain its original properties of PMMA.
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Common types of optical splitter are directional, distributive and wavelength-dependent. The 
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technique. The temperature, stress and splitting technique are the most important parameters 
to fabricate low loss device. With some modification the device can be used for the extended 
function such as demultiplexer which is fabricated from uniformity optical splitter [7].

Other techniques include cutting and gluing where in this technique, POF is cut at certain angle 
using hot knife and glue is applied to attach the two segments of POF. Thermal deformation is 
a technique where two POF ends are shaped into semicircular form by thermoplastic deforma-
tion using hot plate flattening technique. Molding in the other hand is a technique where POF 
is assembled by a polymer waveguide. Lithography method is used to fabricate the mold [3].

1.6. Etching technique

There are several ways of technique to develop a coupler/splitter. In some cases, tapering is 
done unto the fibers in the process of developing the coupler. One of the tapering techniques 
is using chemical etching [4, 5]. Tapering offers unique optical properties that have applica-
tion to couplers and sensors. The change of diameter can redistribute the modes within the 
core or remove selected modes. The penetration depth of the evanescent field and proportion 
of power within this field increases in the tapered section. The change in diameter is used 
for coupling fibers or interface fibers to devices [13]. This technique has been used by [13] 
where the cladding of the fiber is thinned using hydrofluoric acid where cladding layer of 
four micron thick is removed. A technique for removing the cladding of polymethylmethac-
rylate (PMMA) polymer optical fiber using chemical solvent is used to create etched tapers of 
a certain length in the middle part of the fiber [14]. PMMA POF is a thermoplastic with soften-
ing temperature of 75–80°C. Heat drawing sometimes done unto POF for tapering, however, 
polymer is not so compatible with drawing due to the latent stress within the structure from 
production and different physical properties of core and cladding [13]. Thus, etching is by far 
one of the best methods. The process is simple, low cost and requires no sophisticated equip-
ment and is a safe process since it involves a harmless chemical solvent which is acetone.

PMMA is dissolved using organic solvents such as acetone and methyl isobutyl ketone 
(MIBK) in order to remove the polymer in concentric layers as required. The method requires 
no tension to be applied on fiber under etching process so as to prevent brittle stress fracture 
from occurring and break the fiber. Isopropyl alcohol is used to neutralize the solvent and 
leave the exposed core clean and grease-free. Once the region has been washed, it will return 
to PMMA physical and chemical properties.

By tapering the multimode optical fiber cladding, higher modes of the fiber are removed 
while some other modes are redistributed. As the tapered section is developed, the evanes-
cent field and proportion of total power within this field increases in the affected region. This 
technique is conventionally applied to glass fibers, however, POF has becoming widely used 
in optical communication systems and this method can be as a potential towards fabricating 
a practical coupler using this technique.

The etching process of POF gives an optically smooth surface of similar quality to the original 
POF due to the polymer quality of POF. If the tapered region is cleanse and washed appropri-
ately the core material section will remain its original properties of PMMA.
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1.7. Polishing technique

Side-polishing is one of tapering technique that can be done unto fibers other than etching and 
fusing. It has been used by other researchers [12, 15, 16] in order to develop couplers/split-
ter. In this process, single strand multimode fiber is polished at the outer cladding layer for 
several micrometers. Then the polished fiber is lapped to the other fiber in a bent surface and 
aided by a thin film of UV curing adhesive is used between them as mode stripping. When the 
launched port is injected with light source, the mode coupling will occur between the lapped 
region and split the light accordingly. The strength of the evanescent light coupling is tuned 
in the range of 0–50% by translating the fibers in or out of alignment of each other [17]. The 
insertion loss of using this technique is below 5 dB. Polishing technique is considered as one 
of the simple method to fabricate a directional coupler over the years.

1.8. Macro-bending loss by radiation

Attenuation is a loss of optical power as light travels along the fiber as a result of loss mecha-
nisms such as absorption, scattering and bending. One of the important concepts applied 
in this research is loss due to macro-bending. Macro-bends are bending that has relatively 
large radius of curvature compared to the fiber diameter. The loss is high when the bending 
is smaller. Any dielectric waveguide will radiate if it is bent [18]. Radiation loss occurs in the 
cladding even when the propagating ray is greater than critical angle. If radius of bending is 
smaller and wavelength of transmitted light is longer, the macrobending loss or power loss 
is due to the radiation [19]. Below a critical radius optical fiber bending, macrobending loss is 
significant. When light facing total internal reflection an electromagnetic disturbance which 
is known as evanescent wave penetrate the reflecting interface. The amplitudes of evanescent 
wave decay exponentially when it gets further than the reflecting interface because it cannot 
propagate in medium of lower refractive index. Non-uniformity in the reflecting interface 
may cause the evanescent wave to convert into propagating wave. In bending loss, evanescent 
fields extend to the cladding but decay exponentially with radial distance.

All rays in bent fiber are leaky where at some reflections they lose power by either refraction 
or tunneling. By stripping the cladding layers, bent fiber will escape from the fiber and the 
cladding will behave as if it were infinite. The power losses in bent step-index multimode 
fibers can depend on the cladding thickness. Decreasing the bend radius and increasing fiber 
core will increase the bending losses. As bend radius begins to decrease, more refracting rays 
are produced and more power is transferred to the cladding.

Low losses can be obtained in bends that have small radii of the where width of the channel 
is decreased and the refractive index contrast is increased. Bend losses of multimode channels 
are independent of wavelength. At some point from the center of the bend, the portion of the 
field in the cladding would have to exceed the speed of light and be radiated, thus reduce the 
power in the guided mode [20].

In this research, light that escapes from the bending is utilize to develop an optical coupler or 
splitter by varying the bending radius in order to obtain certain splitting ratio using mechanical 
platform of circular blocks and elliptical blocks [21].
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1.9. New approach of using lapping technique

Directional coupler is a passive device where power exchanges between two waveguides that 
is placed in proximity to each other. When a certain power is launched into a waveguide, some 
of the power is transferred to an adjacent guide due to coupling. The power exchange depends 
on the interaction length and coupling strength along with other parameters. When two guides 
are parallel to each other, coupling coefficient is constant and the power launched into one 
guide will alternate back and forth between the two guides as long as they are close [22].

Complete power transfer occurs when phase velocities are perfectly synchronized and the 
interaction length is half the coupling length [16]. In [16], they developed a coupler with vari-
able spacing where by gradually increasing the separation between the two guides where all 
or some of desired power may be transferred from one guide to the other in strong interaction 
region. By controlling the separation between the channels, the coupler can be realized as 
switch, splitter and power divider [23].

This research focuses on developing user-friendly and inexpensive splitters with various split-
ting ratio and low excess loss using POF splitter kit consists of circular blocks and elliptical 
blocks of varied radii and several pairs of splitters. This technique of splitter development has 
the advantage of low-cost installation, environmental-friendly with considerable low losses. 
The proposed fabrication of the coupler/splitter consists of two parallel fibers in contact with 
each other along a certain coupling length or know as lapping technique [24].

The technique used in this experiment is lapping technique where two similar length fibers 
are tapered in the middle region using harmless chemical solvent for particular time and the 
tapered regions of certain diameter, Dc and etched length, Le are lapped to each other. The 
taper introduces variations in the effective refractive index of a waveguide and a change in 
coupling coefficient [16]. Chemical solvent, acetone is used to taper the fiber and stripped off 
the cladding layer. The thickness of cladding layer that is being stripped off depends on the 
duration of the etching process. The time duration for etching process in this research range 
from 30 to 120 minutes. The longer the duration process, the smaller the fiber cores obtained. 
At this diameter, the cladding layers have been fully etched and leave only the bare core. The 
aim of this process is to strip off the cladding layers so that when the bare cores are lapped to 
each other and bent, the rays that propagate in the first fiber can transfer to the second fiber. 
However, for some fibers the etching process strips off the whole cladding layer including the 
region that will not be lapped to the other fiber core, this situation will lead the unnecessary 
losses during splitting/coupling. Thus, the geometrical blocks that the fibers are attached to 
are customized using acrylic material that has similar refractive index so that it replaces the 
cladding layers that has been etched.

To stimulate the energy transfers between the primary fiber that has been injected with light 
source to the secondary fiber, macro-bending effect is a parameter used where the fibers are 
bent accordingly to the customized geometrical blocks of several bending radii, Rc. It is known 
that when an optical fiber is bent it radiates power to the surrounding medium. The radiation 
power in the fiber depends on radius of curvature and the difference between refractive indi-
ces of core and cladding. The size of bending radius of the blocks either circular or elliptical 
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1.7. Polishing technique

Side-polishing is one of tapering technique that can be done unto fibers other than etching and 
fusing. It has been used by other researchers [12, 15, 16] in order to develop couplers/split-
ter. In this process, single strand multimode fiber is polished at the outer cladding layer for 
several micrometers. Then the polished fiber is lapped to the other fiber in a bent surface and 
aided by a thin film of UV curing adhesive is used between them as mode stripping. When the 
launched port is injected with light source, the mode coupling will occur between the lapped 
region and split the light accordingly. The strength of the evanescent light coupling is tuned 
in the range of 0–50% by translating the fibers in or out of alignment of each other [17]. The 
insertion loss of using this technique is below 5 dB. Polishing technique is considered as one 
of the simple method to fabricate a directional coupler over the years.

1.8. Macro-bending loss by radiation

Attenuation is a loss of optical power as light travels along the fiber as a result of loss mecha-
nisms such as absorption, scattering and bending. One of the important concepts applied 
in this research is loss due to macro-bending. Macro-bends are bending that has relatively 
large radius of curvature compared to the fiber diameter. The loss is high when the bending 
is smaller. Any dielectric waveguide will radiate if it is bent [18]. Radiation loss occurs in the 
cladding even when the propagating ray is greater than critical angle. If radius of bending is 
smaller and wavelength of transmitted light is longer, the macrobending loss or power loss 
is due to the radiation [19]. Below a critical radius optical fiber bending, macrobending loss is 
significant. When light facing total internal reflection an electromagnetic disturbance which 
is known as evanescent wave penetrate the reflecting interface. The amplitudes of evanescent 
wave decay exponentially when it gets further than the reflecting interface because it cannot 
propagate in medium of lower refractive index. Non-uniformity in the reflecting interface 
may cause the evanescent wave to convert into propagating wave. In bending loss, evanescent 
fields extend to the cladding but decay exponentially with radial distance.

All rays in bent fiber are leaky where at some reflections they lose power by either refraction 
or tunneling. By stripping the cladding layers, bent fiber will escape from the fiber and the 
cladding will behave as if it were infinite. The power losses in bent step-index multimode 
fibers can depend on the cladding thickness. Decreasing the bend radius and increasing fiber 
core will increase the bending losses. As bend radius begins to decrease, more refracting rays 
are produced and more power is transferred to the cladding.

Low losses can be obtained in bends that have small radii of the where width of the channel 
is decreased and the refractive index contrast is increased. Bend losses of multimode channels 
are independent of wavelength. At some point from the center of the bend, the portion of the 
field in the cladding would have to exceed the speed of light and be radiated, thus reduce the 
power in the guided mode [20].

In this research, light that escapes from the bending is utilize to develop an optical coupler or 
splitter by varying the bending radius in order to obtain certain splitting ratio using mechanical 
platform of circular blocks and elliptical blocks [21].
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aim of this process is to strip off the cladding layers so that when the bare cores are lapped to 
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power in the fiber depends on radius of curvature and the difference between refractive indi-
ces of core and cladding. The size of bending radius of the blocks either circular or elliptical 

Fabrication of Polymer Optical Fiber Splitter Using Lapping Technique
http://dx.doi.org/10.5772/intechopen.71868

109



gives the coupling length, Lc, of the contact region of the lapping cores. Coupling length is 
important in order to obtain high splitting ratio and coupling efficiency.

Two forces, Fc are exerted upon blocks that hold the lapped splitter together, i.e., normal force 
and given force. The aim is to characterize the splitter when the fiber cores touches each other 
without external force and recorded as normal force and with external force or namely given 
force. Force is exerted upon the blocks and fibers in order to minimize the gap that exists 
between the two lapped fibers in order to observe and characterize the energy transfer of the 
splitter when different bending radii are formed along with particular core-cladding thick-
ness at certain coupling length. The force exerted upon the fiber also has small impact on the 
coupling length between the two fibers.

The pair of fibers will be attached to different circular and ellipse-shaped blocks that consist 
of different bending radii, Rc. The tapering and bending contributes to the effective index of 
higher-order modes that approach cladding and when the tapering section is constant, the 
modes become cut-off and radiate which contributes to the loss.

The aim of varying the bending radii, Rc is to characterize and analyze the macro-bending 
effect on the splitter having varied diameter, Dc, varied etching length, Le, coupling length, Lc 
with different load force, Fc. The aim of the design is to obtain optimum bending radius that 
gives the optimum splitting ratio and low excess loss.

Analytical work is considered where the parameters of core thickness, Dc, coupling length, Lc 
and distance between the two fibers, d, are taken into account in order to obtain the coupling 
efficiency between the two fibers. The bent fiber using circular and elliptical blocks encour-
ages the modes to radiate out of the tapered section. The amount of power transfer is calcu-
lated using Coupled Mode Theory. The coupling length between the two fibers also affects 
the coupling efficiency [24].

1.9.1. Taper

Taper changes the fiber diameter or thickness which allows redistribution of the modes in 
the core or eliminates the modes. The penetration depth of the evanescent field and pro-
portion of power within this field increases in the tapered section. The modified core-clad-
ding thickness is used for coupling fibers or interface fibers to devices [13]. In [17] in their 
research stated that they polished the fiber for several micrometers and lapped the fibers 
together and when source is inserted, mode will couple between the lapping regions and 
split the light accordingly. By adjusting the alignment between the two lapping fibers, the 
strength of the evanescent light coupling can be tuned. However, [17] do not apply mechani-
cal technique of circular and elliptical blocks to vary the splitting ratios, rather the alignment 
is varied. In [13] in the other hand manipulate the thickness of cladding in order to obtain 
desired results. In [25] states that at the end of the tapering section of the first fiber, the rays 
propagate in the cladding will be recaptured by the core. If the tapering section of parallel 
fibers is small, the coupling ratio is high. However, if the radius of the tapered section is too 
small, the coupling efficiency will decrease dramatically due to the lost rays while passing 
through the down taper.
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For some tapered fibers in this research, whole surfaces were etched around the fiber creating 
extra taper regions that allows unnecessary losses of the splitter. Thus, circular and elliptical 
blocks were made of acrylic and when the fibers are placed in the groove, the non-lapping 
surfaces are surrounded by acrylic material. This material is aimed to reduce the losses of the 
splitter due to tapering of the fiber cladding.

1.9.2. Bending and radiation

Generally, loss is high when the bending is smaller. Radiation loss occurs in the cladding even 
when the propagating ray is greater than critical angle. If light facing total internal reflection, 
an electromagnetic disturbance occurs which is known as evanescent wave where it penetrate 
the reflecting interface. Non-uniformity in the reflecting interface may cause the evanescent 
wave to convert into propagating wave where in bending loss, evanescent fields extend to the 
cladding but decay exponentially with radial distance [26].

The loss in bent step-index multimode fibers not only depends on bending but also on the 
cladding thickness [11]. When a refracting ray hits a core-cladding interface, two rays are cre-
ated where one ray is refracting at the cladding interface while the other ray is tunneling at 
inner core interface. At cladding interface, some rays will be reflected back and some will be 
refracted with considerable power content [27]. By decreasing the bend radius and increasing 
fiber core, losses will increase. As bend radius begins to decrease, more refracting rays are 
produced and more power is transferred to the cladding [28].

Some rays in the incident radiation are not bounded by core of the fiber rather the rays that 
propagate through the core-cladding interface and get into the cladding region. Due to the 
finite radius of curvature at the cladding surface, some of the rays will be reflected back into 
the cladding and propagates while some will radiate. The rays that propagate in the cladding 
are known as the cladding modes and coupling can occur with the higher-order modes of the 
core resulting in loss of the core power. According to [27], the refracting rays lost most part of 
their energy at the beginning of the bent section and then the rate of loss will be slower whilst 
the remaining losses afterwards are due to weakly leaky rays which are known as whispery 
gallery rays of tunneling rays.

Therefore, this research integrate the concept of taper, lapping and bending the splitter in 
order to increase or limiting the splitting or coupling of rays between the two lapping fibers 
in order to gain certain splitting ratios.

1.9.3. Coupling length

The coupling efficiency describes the total power of coupling between the two fibers depend-
ing on the distance, fiber core thickness and length of the contact region. In [14] stated that 
cross type coupler is not able to achieve high coupling efficiency due to its short coupling 
length. Coupling length must be long in order to achieve high coupling efficiency such as 
parallel type coupler. For short coupling length, coupling is dominant only for higher order 
modes. In cross type coupler, the radiation loss is increased by increasing the pressure since 
the coupling length is quite short in order to gain optimum result. In [14] shows that as the 
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gives the coupling length, Lc, of the contact region of the lapping cores. Coupling length is 
important in order to obtain high splitting ratio and coupling efficiency.
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with different load force, Fc. The aim of the design is to obtain optimum bending radius that 
gives the optimum splitting ratio and low excess loss.
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through the down taper.
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For some tapered fibers in this research, whole surfaces were etched around the fiber creating 
extra taper regions that allows unnecessary losses of the splitter. Thus, circular and elliptical 
blocks were made of acrylic and when the fibers are placed in the groove, the non-lapping 
surfaces are surrounded by acrylic material. This material is aimed to reduce the losses of the 
splitter due to tapering of the fiber cladding.
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order to increase or limiting the splitting or coupling of rays between the two lapping fibers 
in order to gain certain splitting ratios.
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The coupling efficiency describes the total power of coupling between the two fibers depend-
ing on the distance, fiber core thickness and length of the contact region. In [14] stated that 
cross type coupler is not able to achieve high coupling efficiency due to its short coupling 
length. Coupling length must be long in order to achieve high coupling efficiency such as 
parallel type coupler. For short coupling length, coupling is dominant only for higher order 
modes. In cross type coupler, the radiation loss is increased by increasing the pressure since 
the coupling length is quite short in order to gain optimum result. In [14] shows that as the 
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coupling length is longer, the coupling efficiency will be stabilized. However, high coupling 
efficiency is achieved at coupling length between 6 to 10 mm and from 18 to 22 mm.

1.9.4. Distance of cores

In [29] agrees that the distance between the two fibers affects the coupling efficiency among 
other considered parameters. Although coupling length is important, however, the optimum 
efficiency of coupling not only depends on the optimum length but also on the distance 
between the two cores. In [29] shows that when the gap is zero between the lapping cores, 
high coupling efficiency is achieved, however, when gap exists or distance over the two cores 
is 1.01, the coupling efficiency drops to less than 30%. When the gap or distance over the two 
cores is further increased to 1.05, the efficiency drops to less than 5%. The distance between 
the two fibers affects the coupling efficiency strongly.

According to [25] states that when the ray of light propagates along the tapered section of the 
lapping fiber, the angle of incidence on the core surface decreases with each reflection and the 
high-order modes may have cutoff points in the down-taper section and therefore will leak 
out the core. If the cladding modes encounter the air-cladding interface at incident angles 
smaller that the critical angle, the modes will radiate away from the fiber at the air-cladding 
interface. However, if the claddings of the two lapping fibers are closed enough over appro-
priate length, the light in the cladding of the fiber will be transferred to the second fiber.

Therefore, load is accounted in this research in order to minimize if not eliminate the gap 
between the two lapping cores. The difference of characterization is compared when normal 
force is exerted and external force is exerted.

1.10. Fiber preparation development

Apart from the platform design, the development of the coupler/splitter also comprises of 
three sets of fibers tapered by etching method and side polishing. The first set of fibers were 
prepared by fully etching using harmless chemical solvent, acetone. During the etching pro-
cess, the tapered length of each fiber was set to be 25 mm long and the duration of each pair of 
the fiber strands was varied from 30 to 120 minutes. For second set of fibers using fully etching 
method, the etching length of tapered length of the fibers were varied for each pair between 4 
and 25 mm long and the duration of etching also was set to 60 minutes. The third set of fiber 
pairs were tapered using side polishing method and side etching where only one side of the 
fiber strand was polished and etched to clean the rugged surfaces. The tapered length of the 
fiber pair of each coupler/splitter is also varied from 4 to 25 mm long and the duration of 
etching is about 60 minutes. The effect of etching duration leads to the different diameter of 
core-cladding of the fiber pairs. The longer the etching process, the smaller the core thickness 
diameter. Figure 2(a)–(c) show the surface of the fibers before etching process, Figure 2(a) and 
post etching fiber, Figure 2(b).

This shows that the physical property of the fiber strand is sustained when the fiber is tapered 
using chemical solvent. However, when the fiber is etched while it is in bending state, brittle-
ness occurs and leads the fiber to break apart. Figure 2(c) shows the physical state of the fiber 
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Figure 2. Physical surface of the (a) pre-etch (b) post-etch fiber and (c) fiber breaks due to brittleness.
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Figure 3. The light transmitted over the etched fiber.

when brittleness causes the fiber to break. Figure 3 shows the light signal transmitted over the 
etched fiber and it shows that the light spread out at the etched region only and due to this 
behavior, insertion loss increases and output power decreases.

1.11. Platform development

The coupler/splitter platform is one of the important parts of developing this directional cou-
pler using lapping technique and geometrical blocks. The platform of the coupler is custom-
ized using acrylic material. The platform of the fiber coupler/splitter is consisted of mainly 
circular/elliptical blocks of various radii, made of acrylic material that has similar refractive 
index as the cladding of the fiber.

1.11.1. Circular

The first phase of platform development involves the development of circular blocks made 
of acrylic material as shown in Figure 4. The circular block functions to hold the etched fibers 
while the fibers will be bent accordingly to the bending radius of the circular blocks. A groove 
of 1 mm is carved along the edge of the blocks in order to place and hold the fibers as shown 
in Figure 5. The tapered area of the fiber is facing outward of the groove and will be lapped 
to the other tapered surface so that coupling or splitting between the two fibers can occur. 
The etched area or surface that is not facing or lapping to the other fiber is covered by the 
groove of the blocks that are made from acrylic. Acrylic material has similar refractive index 
as the cladding layer, n  = 1.402 . Therefore, the unlapping surface of the etched area is covered 
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by similar cladding layer refractive index. Thus, when the propagating modes are traveling 
along the etched fiber, some of the modes will be transferred to the other lapped fiber while 
some the modes that radiated out of the unlapping area is bounded by similarly refractive 
index of cladding, that is the groove of the block. Therefore, this will decrease the loss. The 
pivot is designed to hold the etched fibers that are placed at the groove so that they do not 
move and the tapered surfaces are lapped to each other. The screws of the pivots are used to 
loosen and tighten the pivot accordingly so when other block of bending radius is placed, the 
fiber can be bent according to the bending radius of the circular blocks.

Figure 4. Circular blocks platform and fibers lapped.

Figure 5. The bottom view of a circular block with groove showing at the round edge of the block.
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Figure 6. Elliptical blocks platform design measurement with ellipse-shaped blocks.

1.11.2. Elliptical

Elliptical blocks shape are designed apart from circular blocks as another geometrical shape 
in order to study the effect of different bending radius, Rc, and coupling length, Lc, between 
the two lapped fibers. Apart from circular blocks having bending radius or curve that is more 
critical than elliptical shape, circular blocks are used to mainly study the effect of bending 
radius when the fibers of the coupler are bent at certain bending radii. Elliptical shapes in the 
other hand, when fibers are attached to the elliptical blocks and bent, the bending radii are 
less curvier than that of circular blocks, however, the curves of ellipse shape blocks are more 
flatter thus the coupling length between the two lapped fibers are longer than that of circular 
blocks. Bending does play part in order to stimulate the transfer of modes from the first fiber 
to the second one, however, another parameter that also play an important part is coupling 
length, Lc. The bending radius of elliptical shapes range from 10 to 29 mm. The bigger the 
bending radius of the elliptical shapes, the longer the lapping region between the two lapping 
cores. Figure 6 shows the dimensions of the elliptical platform together with the force gauge 
embedded in the design. The experiment platform is big as to characterize and analyze which 
bending radius range is the most optimum to be used and developed as an efficient optical 
coupler/splitter using lapping technique.

1.11.3. Semi-elliptical

The third phase of the development is using semi-elliptical shaped blocks and platform with 
spring embedded as shown in Figure 7. The semi-elliptical shaped blocks have bending radius 
of 30, 40 and 50 mm. No force gauge is used on this platform because the force is exerted unto 
the blocks and fibers by the spring embedded in the platform.
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1.12. Coupling efficiency by integration of CMT and Hertz’s law

The amount of power transfer is relatively in accordance to the coupling length. Thus, in this 
study, two very important theories are applied where the force exerted on the fiber through 
geometrical blocks relates to elliptical point contacts of Hertz’s Law [30] and the amount of 
force put upon the fibers determines the radius of contact area or coupling length which 
brings to Couple Mode Theory. The propagation of modes between the two fibers is studied 
analytically and coupling efficiencies are obtained by varying the load force, coupling lengths 
and the distances between the two fibers.

To obtain an efficient coupling ratio or splitting ratio, the coupling length between the two 
lapped fibers must be long in order to obtain an adequate level of coupling efficiency. In this 
research, two similarly fibers were tapered at the middle region with particular diameter of 
core-cladding. They are attached to the circular blocks/elliptical blocks of certain bending 
radius that determines the bending angle of the lapped fibers that helps the transfer of energy 
from primary fiber to the secondary fiber. The performance of the splitter/coupler is analyzed 
through the relationship of the distance between the two fiber waveguides and the load put 
upon the blocks and fibers which gives effect in the coupling length. For the multimode step 
index fiber, a group of modes exist as according to parameters assigned by the optical wave-
guides. Between reflections of each of the propagation rays, each ray travels in straight line 
and Snell’s Law determines the reflection on the interface [31].

Coupling efficiency is calculated by first specifying the coupling length, Lc, which in this 
design is assumed to be directly relative to radius of contact area, c, of Hertz’s ellipsoid. 
Coupling efficiency is done by integrating the coupling coefficient and coupling length.
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Figure 7. Coupler/splitter experimental platform using semi-elliptical blocks and embedded spring.
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Figure 6. Elliptical blocks platform design measurement with ellipse-shaped blocks.
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cores. Figure 6 shows the dimensions of the elliptical platform together with the force gauge 
embedded in the design. The experiment platform is big as to characterize and analyze which 
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coupler/splitter using lapping technique.

1.11.3. Semi-elliptical

The third phase of the development is using semi-elliptical shaped blocks and platform with 
spring embedded as shown in Figure 7. The semi-elliptical shaped blocks have bending radius 
of 30, 40 and 50 mm. No force gauge is used on this platform because the force is exerted unto 
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Figure 7. Coupler/splitter experimental platform using semi-elliptical blocks and embedded spring.
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Here the relationship between CMT and Hertz’s can be focused on coupling length or twice 
the radius of contact area of the elliptical point contacts of two spheres.
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This expression will be used to vary the distance between the two fibers having different load 
Fc and the coupling efficiency of the splitter can be determined accordingly.

1.13. Performance

During characterization of the couplers/splitters, the experimental set-up is first prepared as 
shown in Figure 8. Geometrical blocks of different radii are placed on the platform with pair 
of tapered cladding secured in the groove of the circular/elliptical blocks. At each of the ports 
of splitter/coupler except at the input port, power meter is set to take readings of the output 
power. Red LED of λ = 650 nm is injected through input port and normal force of Fn = 0.3 lbF 
is exerted upon the middle region of the coupler/splitter through the geometrical blocks as 
shown in Figure 8. Normal force is the reading at which the two cores of the fibers touch each 
other without any external force. Output power is taken accordingly at each port. Then, given 
force or external pressure is exerted upon the blocks and fibers, namely Fc = 3.0 lbF. This exter-
nal pressure is presumed to minimize the air gap that existed between the two lapped cores.

The experiment was repeated twice as in the first test, normal force is exerted upon the blocks 
and the fiber cores and in the second test, external force is exerted upon the blocks and the 
fiber cores. Based on the data collected, efficiency of each coupler/splitter can be measured. 
The efficiency of a coupler/splitter, σ can be defined as power ratio of overall output, ΣPo 
against the power input, P1. The mathematical equation that refers to the coupler/splitter 
efficiency is:

  ∑  P  o   =  P  2   +  P  3   +  P  4    (4)

  σ  (%)  =   
∑  P  o   ____  P  1  

   × 100%  (5)

Figure 8. Experimental set-up platform with force gauge.
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P2, P3 and P4 are the output power of the light signal that propagates out of the throughput 
port, P2, coupled port, P3 and reflected port, P4, while P1 is the input port of the injected 
light signal.

The objective of this work which is to apply theories of CMT and Hertz’s Law in studying 
the effect on coupling efficiency by manipulating the cores and coupling lengths between the 
fibers are analyzed and the optimum efficiency obtained shows that when the two fiber cores 
are closed to each other, the efficiency lies between 40% and 70% depending on the coupling 
length and distance is zero. When force exertion is small, the coupling length decreases thus 
coupling efficiency decreases to less than 50%. It decreases when the force, Fc is less and the 
coupling length, Lc is shorter. The efficiency decreases as the distance, d, between the two 
fiber cores is bigger. The optimum range of efficiency achieved based on coupling length, 
Lc, depends on the fiber core size, Dc. The diameter of the cores affects the efficiency where 
optimum efficiency is achieved at shorter coupling length range when the core diameter is 
smaller. This study gives an insight of the optimum distance and fiber core size of the lapping 
fibers used in the experiment.

Experimental results show the splitters having different splitting ratios as high as 80% to as 
low as 1%. Each of the splitter has different bending radius, Rc and different tapered length, 
Le. Macro-bending effect shows that different bending radius of circular and elliptical blocks 
allow different bending angle for each splitter. Small angle of bending leads to radiation of 
rays that propagate along the bent section. The radiation is enhanced by the tapered regions at 
the bent section where some of the cladding layers are etched to allow coupling between the 
lapping sections. Different core-cladding thickness may influence the amount of rays coupling 
into second fiber. Large bending radius in the other hand slows the radiation rate, however, 
helps the splitting and coupling by lengthen the lapping region or coupling length. Diameters 
of 0.88 mm of splitters show optimum splitting ratios such as 80%, 70% and 60%. However 
the losses are high due to the surfaces of the tapered fibers that were etched wholly around 
the surfaces. The non-lapping section may contribute to the losses. Diameters of 0.77 mm 
in the other hand give splitting ratios between 20% and 50% with considerable losses. All 
bending platform of circular, elliptical and semi-elliptical blocks contribute to these range of 
splitting ratios. Side-polished and side-etched splitters and fully etched splitters with varied 
etched length are mostly used with the platforms to obtain optimum results. Long tapered 
region as given by fully etched fibers with constant etched length shows very low splitting 
ratios with considerable high losses. However, shortest tapered region does not give the most 
optimum results. Therefore, depending on each parameter, particular tapered length, diam-
eter and bending have to be considered into the design to obtain desired optimum results.

1.14. Maintenance and reproducibility

Another important attributes that represents a coupler include its flexibility, maintenance and 
reproducibility. The device is flexible since the fiber pair and blocks can be exchanged in order 
to get desired splitting ratio. Even though the blocks needs to be exchanged for obtaining 
desired splitting ratio, the blocks and fibers are ready to be fitted into platform and they are 
highly durable. Since the splitter is custom-made, the splitter can be reproduced by handling 
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Here the relationship between CMT and Hertz’s can be focused on coupling length or twice 
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This expression will be used to vary the distance between the two fibers having different load 
Fc and the coupling efficiency of the splitter can be determined accordingly.

1.13. Performance

During characterization of the couplers/splitters, the experimental set-up is first prepared as 
shown in Figure 8. Geometrical blocks of different radii are placed on the platform with pair 
of tapered cladding secured in the groove of the circular/elliptical blocks. At each of the ports 
of splitter/coupler except at the input port, power meter is set to take readings of the output 
power. Red LED of λ = 650 nm is injected through input port and normal force of Fn = 0.3 lbF 
is exerted upon the middle region of the coupler/splitter through the geometrical blocks as 
shown in Figure 8. Normal force is the reading at which the two cores of the fibers touch each 
other without any external force. Output power is taken accordingly at each port. Then, given 
force or external pressure is exerted upon the blocks and fibers, namely Fc = 3.0 lbF. This exter-
nal pressure is presumed to minimize the air gap that existed between the two lapped cores.

The experiment was repeated twice as in the first test, normal force is exerted upon the blocks 
and the fiber cores and in the second test, external force is exerted upon the blocks and the 
fiber cores. Based on the data collected, efficiency of each coupler/splitter can be measured. 
The efficiency of a coupler/splitter, σ can be defined as power ratio of overall output, ΣPo 
against the power input, P1. The mathematical equation that refers to the coupler/splitter 
efficiency is:

  ∑  P  o   =  P  2   +  P  3   +  P  4    (4)

  σ  (%)  =   
∑  P  o   ____  P  1  

   × 100%  (5)

Figure 8. Experimental set-up platform with force gauge.
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P2, P3 and P4 are the output power of the light signal that propagates out of the throughput 
port, P2, coupled port, P3 and reflected port, P4, while P1 is the input port of the injected 
light signal.

The objective of this work which is to apply theories of CMT and Hertz’s Law in studying 
the effect on coupling efficiency by manipulating the cores and coupling lengths between the 
fibers are analyzed and the optimum efficiency obtained shows that when the two fiber cores 
are closed to each other, the efficiency lies between 40% and 70% depending on the coupling 
length and distance is zero. When force exertion is small, the coupling length decreases thus 
coupling efficiency decreases to less than 50%. It decreases when the force, Fc is less and the 
coupling length, Lc is shorter. The efficiency decreases as the distance, d, between the two 
fiber cores is bigger. The optimum range of efficiency achieved based on coupling length, 
Lc, depends on the fiber core size, Dc. The diameter of the cores affects the efficiency where 
optimum efficiency is achieved at shorter coupling length range when the core diameter is 
smaller. This study gives an insight of the optimum distance and fiber core size of the lapping 
fibers used in the experiment.

Experimental results show the splitters having different splitting ratios as high as 80% to as 
low as 1%. Each of the splitter has different bending radius, Rc and different tapered length, 
Le. Macro-bending effect shows that different bending radius of circular and elliptical blocks 
allow different bending angle for each splitter. Small angle of bending leads to radiation of 
rays that propagate along the bent section. The radiation is enhanced by the tapered regions at 
the bent section where some of the cladding layers are etched to allow coupling between the 
lapping sections. Different core-cladding thickness may influence the amount of rays coupling 
into second fiber. Large bending radius in the other hand slows the radiation rate, however, 
helps the splitting and coupling by lengthen the lapping region or coupling length. Diameters 
of 0.88 mm of splitters show optimum splitting ratios such as 80%, 70% and 60%. However 
the losses are high due to the surfaces of the tapered fibers that were etched wholly around 
the surfaces. The non-lapping section may contribute to the losses. Diameters of 0.77 mm 
in the other hand give splitting ratios between 20% and 50% with considerable losses. All 
bending platform of circular, elliptical and semi-elliptical blocks contribute to these range of 
splitting ratios. Side-polished and side-etched splitters and fully etched splitters with varied 
etched length are mostly used with the platforms to obtain optimum results. Long tapered 
region as given by fully etched fibers with constant etched length shows very low splitting 
ratios with considerable high losses. However, shortest tapered region does not give the most 
optimum results. Therefore, depending on each parameter, particular tapered length, diam-
eter and bending have to be considered into the design to obtain desired optimum results.

1.14. Maintenance and reproducibility

Another important attributes that represents a coupler include its flexibility, maintenance and 
reproducibility. The device is flexible since the fiber pair and blocks can be exchanged in order 
to get desired splitting ratio. Even though the blocks needs to be exchanged for obtaining 
desired splitting ratio, the blocks and fibers are ready to be fitted into platform and they are 
highly durable. Since the splitter is custom-made, the splitter can be reproduced by handling 
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each process of fabrication meticulously to the etching rate, polishing rate and bending size in 
order to achieve uniform and persistent results.

1.15. Installations and performance

Installations and performances are very important attribute to any coupler or splitter devel-
oped. Although a coupler is a small component in a system, it does play an important role 
throughout the whole performance. Although the coupler/splitter developed has consider-
able higher loss than the ones in the market line, the ability of the coupler to achieve several 
splitting ratio has high potential where improvements and expandability of the device can be 
done in order for the device to compete in the market line.

The device developed is easy to install using prepared platform and mix matched fiber pair 
and blocks where varied splitting ratio can be obtained using one platform. Although tar-
geted loss is considerably higher than marketed splitter, however, the device is applicable 
for signal transmittance and applications. The device developed is green technology-based 
since the production process is using eco-friendly material, harmless solvent, moreover, LED 
source is used which is very safe for consumers.

1.16. Research future Prospect

The limitation of “DIY” kit can be overcome by this design. Since the design of this splitter 
gives several solution of splitting ratios, users that demand different value of splitting ratios can 
utilize the splitters. Although the prototype design for users are yet to be finalized, however, 
based on the results shown, the platform shows good performance and can be realized as DIY 
kit. Apart from that, the since the cost of POF is low and materials and tools needed to build 
the platform are inexpensive and does not involve high-end expensive machine, this device has 
low-cost production and very economic. The material used to develop this device such as POF, 
harmless chemical solvent, acrylic and aluminum are safe and green technology based.

1.17. Summary

New technique of developing an optical coupler using POF and mechanical platform using 
lapping technique is discussed and analyzed in this chapter. Three different categories of 
splitters are prepared where the first category of splitters has constant etching length of 
25 mm and the diameter of the tapered section is varied. The second category is splitters that 
have been etched with different length between 4 and 25 mm but having constant diameters 
of 0.88 mm. The third category is splitters that have been polished and etched at one side of 
the fibers only having different etching length between 4 and 25 mm and constant diameter 
of 0.77 mm. Three different platforms are also built. The first platform having small angle of 
circular blocks, the second platform having larger angle of elliptical blocks and the third plat-
form having intermediate angle between small and large angle of semi-elliptical blocks with 
spring embedded. Varied angles represented by the bending radii of the blocks are chosen 
and designed in order to study the bending effect of the splitter. Different bending radius with 
combination of fiber diameter and coupling length leads different coupling behavior between 
the two lapping regions and therefore provides different splitting ratios.
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each process of fabrication meticulously to the etching rate, polishing rate and bending size in 
order to achieve uniform and persistent results.

1.15. Installations and performance

Installations and performances are very important attribute to any coupler or splitter devel-
oped. Although a coupler is a small component in a system, it does play an important role 
throughout the whole performance. Although the coupler/splitter developed has consider-
able higher loss than the ones in the market line, the ability of the coupler to achieve several 
splitting ratio has high potential where improvements and expandability of the device can be 
done in order for the device to compete in the market line.

The device developed is easy to install using prepared platform and mix matched fiber pair 
and blocks where varied splitting ratio can be obtained using one platform. Although tar-
geted loss is considerably higher than marketed splitter, however, the device is applicable 
for signal transmittance and applications. The device developed is green technology-based 
since the production process is using eco-friendly material, harmless solvent, moreover, LED 
source is used which is very safe for consumers.

1.16. Research future Prospect

The limitation of “DIY” kit can be overcome by this design. Since the design of this splitter 
gives several solution of splitting ratios, users that demand different value of splitting ratios can 
utilize the splitters. Although the prototype design for users are yet to be finalized, however, 
based on the results shown, the platform shows good performance and can be realized as DIY 
kit. Apart from that, the since the cost of POF is low and materials and tools needed to build 
the platform are inexpensive and does not involve high-end expensive machine, this device has 
low-cost production and very economic. The material used to develop this device such as POF, 
harmless chemical solvent, acrylic and aluminum are safe and green technology based.

1.17. Summary

New technique of developing an optical coupler using POF and mechanical platform using 
lapping technique is discussed and analyzed in this chapter. Three different categories of 
splitters are prepared where the first category of splitters has constant etching length of 
25 mm and the diameter of the tapered section is varied. The second category is splitters that 
have been etched with different length between 4 and 25 mm but having constant diameters 
of 0.88 mm. The third category is splitters that have been polished and etched at one side of 
the fibers only having different etching length between 4 and 25 mm and constant diameter 
of 0.77 mm. Three different platforms are also built. The first platform having small angle of 
circular blocks, the second platform having larger angle of elliptical blocks and the third plat-
form having intermediate angle between small and large angle of semi-elliptical blocks with 
spring embedded. Varied angles represented by the bending radii of the blocks are chosen 
and designed in order to study the bending effect of the splitter. Different bending radius with 
combination of fiber diameter and coupling length leads different coupling behavior between 
the two lapping regions and therefore provides different splitting ratios.
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Abstract

Extrinsic optical fibre sensor (OFS) systems use a fibre optic cable as the medium for
signal propagation between the sensor and the sensor electronics using light rather than
electrical signals. A range of different optical fibre sensors have been developed and
electronic hardware system designs interfacing the sensor with external electronic sys-
tems devised. In this chapter, the use of the field programmable gate array (FPGA) is
considered to implement the circuit functions that are required within a portable optical
fibre sensor system that uses a light emitting diode (LED) as the light source, a photodi-
ode as the light receiver and the FPGA to implement the system control, digital signal
processing (DSP) and communications operations. The capabilities of the FPGA will be
investigated and a case study sensor design introduced and elaborated. The OFS system
will be based on the FPGA and will provide wireless communications to an external
supervisory system. The chapter will commence with an overview of OFS systems and
the typical architecture of the system. Then the FPGA will be introduced and discussed
as a hardware alternative to a software programmed processor that is currently widely
used. A case study will then be presented with a discussion into design considerations.

Keywords: optical fibre sensor, field programmable gate array, electronic
system design, SPR sensor, Python

1. Introduction

Recent advances in optical fibre sensing technology have been rapid andwidespread stimulated
through achievements in developing sensors for applications such as environmental monito-
ring, mechanical structure stress and strain monitoring, and biomedical [1–4]. Advances in
sensor fabrication, sensitivity enhancement and the availability of new materials have demon-
strated the potential of using optical sensors in new applications. The aim is to harness the
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electronic hardware system designs interfacing the sensor with external electronic sys-
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supervisory system. The chapter will commence with an overview of OFS systems and
the typical architecture of the system. Then the FPGA will be introduced and discussed
as a hardware alternative to a software programmed processor that is currently widely
used. A case study will then be presented with a discussion into design considerations.
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advantages that optical components can provide over electrical component alternatives in a
wide range of sensor applications. However, identifying and using suitable enabling technolo-
gies, supported through experience in achieving repeatable results from suitable experiments
for new OFS industrial applications, should be recognised as key in moving forward from a
research idea into application [5].

It is widely accepted that initial OFS designs were fragile, reliable only under laboratory
conditions and with material costs higher than those used in other sensor technologies [6, 7].
They were also difficult to produce and this limited their ability for practical use. However,
with an increase in the availability of new materials, the proliferation of inexpensive 3D
printing and other additive manufacturing technologies that enable rapid prototyping and
analysis, sensor design and packaging performance have been improved dramatically. These
OFS packaging improvements have enabled optical fibre sensor (OFS) deployment [8] in a
wide range of different applications as referenced above. An OFS system is however not
complete without supporting instrumentation [9]. It requires a suitable electronic system to
implement system functions that include system control, sensor stimulus generation, data
acquisition (DAQ) and storage, data analysis (high-speed digital signal processing (DSP)
operations) and serial communications interfacing. To date, OFS system deployment is still
largely dependent on laboratory-based sub-systems, particularly the light source and optical
receiver that interface to a computer through a data acquisition (DAQ) module or proprietary
software via universal serial bus (USB). A typical OFS system needs to use high-cost and
complex instruments to provide the necessary control and measurement capabilities, and
usually depends on a human operator to set-up the light source and access the sensor results.
To make optical sensors more accessible, the use of high quality but lower cost equipment is
required. Some improvements have been noted in recent system designs where operations
were performed using a software programmed microcontroller based arrangement [10–12].
The potential also exists to create supporting instrumentation that can harness inexpensive and
physically smaller components to make an OFS system portable (i.e. a battery operated system
capable of operating independently for extended periods of time, small physical size, pro-
grammable with wireless communications and ability to be carried by an individual, e.g. a
first responder). The low cost aspect however must not compromise the quality of the system
operation and it must also have reliable operation in the intended application. The inert nature
of optical fibre also allows it to perform in-situ measurements in harsh environments whilst
the sensitive electronic circuits can be shielded at an appropriate location and remotely from
the environment being sensed. In addition, for complex photonic system design, photonic
integrated circuit (IC) technology is a promising solution to achieve lower cost and mini-
aturisation, but is still not yet as mature as electronic technology [13].

This chapter will consider the electronic system design requirements for a portable OFS system
based on the use of a microcontroller alternative. Specifically, the field programmable gate
array (FPGA) is used to implement the necessary digital logic functions in hardware including
light emitting diode (LED) (light source) switching and current control and photodiode (light
receiver) signal sampling and signal conditioning. A plastic optical fibre (POF) arrangement is
considered, although the focus of the chapter will be on the FPGA based electronic system
design approaches and potential solutions. The chapter will consider the system design, both
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analogue and digital parts, and will develop a discussion into the use of the FPGA as a hard-
ware based alternative to a software based processor design. The available hardware resources
within the FPGAwill be considered and approaches to using these resources will be discussed.
The FPGA, as an alternative, provides potential benefits to system design and operation by
using configured hardware that provides the potential for high speed operation, parallel
processing (concurrent operation), high-speed embedded DSP operations and low-voltage/-
low-power capability. The available hardware resources within the FPGA, along with the
capability for low-voltage and low-power operation, mean that a powerful whilst portable
sensor system can be developed and deployed. This chapter will consider the potential benefits
of using the FPGA in such sensor systems and the design choices required. The chapter will
commence with an introduction to OFS systems and electronic system design using the FPGA.
It will then discuss the use of the FPGA within an existing OFS system and the benefits the
FPGA can provide before providing a conclusion.

In this chapter, the discussion will be based on a single sensor arrangement to demonstrate the
use of the FPGA. However, the FPGA would be easily capable of interfacing to multiple
sensors due to the availability of configurable hardware within the FPGA and the availability
of a large number of programmable digital pins which can be configured to act as inputs,
outputs or bi-directional pins. It would therefore be practical for the FPGA to be used in
multiple (multipoint) and quasi-distributed OFS systems of the form shown in Figure 1.
Additionally this concept may ultimately be extended to use in fully distributed systems, e.g.
Rayleigh and Brillouin scattering based systems, utilising the considerable on-board capabili-
ties of the FPGA in fulfilling the complex signal process required from these systems. How-
ever, this article is constrained to assessing the feasibility of a potential distributed OFS
application where multiple ‘single point’ sensors are distributed in location but connected to

Figure 1. Distributed sensing with multiple ‘single-point’ sensors.
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a single FPGA. The high number of available FPGA I/O pins are especially useful in allowing
independent driving of multiple light sources and taking multiple light intensity measure-
ments. Those measurements can be taken in a parallel manner and could be useful in phenom-
ena detection [14]. Whilst the focus of this chapter is on a single ‘single point’ sensor, the basic
design could be duplicated with other similar sensors and using the same FPGA to realise
distributed sensing.

The chapter is structured as follows. Section 2 describes the OFS system operation and the
design choices in the use of suitable components. Section 3 introduces the FPGA and how
digital and mixed-signal electronic circuits and systems can be designed using the FPGA. This
section also highlights a number of the advantages that the FPGA has over software progra-
mmed processor alternatives. Section 4 discusses the feasibility of use of the FPGA in an OFS
system and Section 5 provides a real system based case study design using POF to provide an
optical interface to the surface plasmon resonance (SPR) sensor. Section 6 concludes the paper.

2. Optical fibre sensor systems

2.1. Introduction

In this section, the structure and operation of a typical optical fibre sensor system is discussed.
A typical OFS system essentially comprises of a light source, sensing element, optical detector
and sensor data readout parts (external communications). A simplified architecture of such a
system is shown in Figure 2. Light is guided from the light source to the optical receiver using
an optical fibre. The sensing element is the part that transforms a change in the monitored
parameter into a corresponding change in one or more of the physical properties of the guided
light. Those properties include purely intensity, wavelength, polarisation orientation and
phase. A change in the properties of the transmitted light through the sensor can be created
by different physical mechanisms. For example, the chemical properties of a material being
sensed. To capture the change in the propagated light properties, an appropriate light source

Figure 2. Simplified architecture of an OFS system (either intrinsic or extrinsic).
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and matching optical receiver are required. The light source provides the sensor light stimulus
of a particular wavelength or band of wavelengths to propagate to the sensing element. This
light is modulated by the sensor and the resulting signal is captured by optical receiver. The
optical parts of the system are linked together using an optical fibre cable. POF is becoming an
increasingly popular choice in many sensors when compared to glass optical fibre (GOF) due
to its low-cost, ease of connection and flexibility (allowing it to be mechanically bent and
shaped to the requirements of the sensor housing and location). The source and receiver are
electrically connected to the computing device that provides an optical-electrical interface,
system control, communications and data analysis. The complexity of an OFS system is
usually dependent on light modulation method used, the type of sensor and whether a single
or multiple sensors are required. For example, distributed sensing requires complex light
sources, coupling optics and receivers to obtain a sufficiently high-resolution result [14].
Distributed sensing ideally enables the measurement of any point along the optical fibre and
is used in applications such as temperature, strain and acoustic sensing. Other OFS types
include multi-point sensing or single point sensing [15, 16]. A multipoint sensor is similar to
distributed sensing and therefore often also requires complex instrumentation although the
cost of the interrogator unit is often much less than the fully distributed sensor. On the other
hand, a single point sensor usually is the simplest form that requires less complex instrumen-
tation. In all cases, the sensors may be classified as being either intrinsic or extrinsic. An
intrinsic sensor uses the fibre itself as the sensor whilst in an extrinsic sensor, the fibre is used
only used for light propagation to and from the sensor element which is therefore an external
device. Clearly in the case of distributed sensors, e.g. Rayleigh or Brillouin, these are examples
of intrinsic sensors.

The individual components of the OFS system are considered in the following sections.

2.2. Optical fibre

An optical fibre is a flexible optically transmitting waveguide that is drawn from glass or
plastic [7]. In its simplest form, it is composed of three parts. Referring to Figure 3, these are
the core, cladding, and coating. Both the core and cladding are made of a suitable dielectric

Figure 3. Optical fibre structure.
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and matching optical receiver are required. The light source provides the sensor light stimulus
of a particular wavelength or band of wavelengths to propagate to the sensing element. This
light is modulated by the sensor and the resulting signal is captured by optical receiver. The
optical parts of the system are linked together using an optical fibre cable. POF is becoming an
increasingly popular choice in many sensors when compared to glass optical fibre (GOF) due
to its low-cost, ease of connection and flexibility (allowing it to be mechanically bent and
shaped to the requirements of the sensor housing and location). The source and receiver are
electrically connected to the computing device that provides an optical-electrical interface,
system control, communications and data analysis. The complexity of an OFS system is
usually dependent on light modulation method used, the type of sensor and whether a single
or multiple sensors are required. For example, distributed sensing requires complex light
sources, coupling optics and receivers to obtain a sufficiently high-resolution result [14].
Distributed sensing ideally enables the measurement of any point along the optical fibre and
is used in applications such as temperature, strain and acoustic sensing. Other OFS types
include multi-point sensing or single point sensing [15, 16]. A multipoint sensor is similar to
distributed sensing and therefore often also requires complex instrumentation although the
cost of the interrogator unit is often much less than the fully distributed sensor. On the other
hand, a single point sensor usually is the simplest form that requires less complex instrumen-
tation. In all cases, the sensors may be classified as being either intrinsic or extrinsic. An
intrinsic sensor uses the fibre itself as the sensor whilst in an extrinsic sensor, the fibre is used
only used for light propagation to and from the sensor element which is therefore an external
device. Clearly in the case of distributed sensors, e.g. Rayleigh or Brillouin, these are examples
of intrinsic sensors.

The individual components of the OFS system are considered in the following sections.

2.2. Optical fibre

An optical fibre is a flexible optically transmitting waveguide that is drawn from glass or
plastic [7]. In its simplest form, it is composed of three parts. Referring to Figure 3, these are
the core, cladding, and coating. Both the core and cladding are made of a suitable dielectric

Figure 3. Optical fibre structure.
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material, usually doped silica glass or a polymer. The core usually has a cylindrical cross-
section and has higher refractive index (n) than the cladding that surrounds it. The coating is
an additional layer of material, often a toughened polymer that provides protection from
physical damage whilst maintaining flexibility. The interface of the core and cladding can be
considered as a perfect abrupt but completely smooth boundary and the refractive index
difference between the materials allows for total internal reflection to occur whilst minimising
scattering losses [17]. In the case of total internal reflection, all of the light energy is ideally
preserved within the core and allows the light to transmit through the fibre not only when the
fibre is straight, but also when bent (up to a limit known as the minimum bend radius) as
would be typically seen with a flexible fibre [7].

A number of fibre types are commercially available for different purposes and can be broadly
categorised into two basic types: silica (glass) fibre or polymer (plastic) fibre. Glass fibre has
widespread use in communications applications [18] due to its low-cost and material proper-
ties. It allows for extremely low loss long distance transmission of data with the need for fewer
repeaters to boost signal strength due to losses in the transmission medium than would be
required with electrical signal transmission. POF has found use in relatively short distance
light transmission, e.g. in local area networks and, due to its flexibility, in situations that
involve bending of the fibre, e.g. as in the case of automotive based networks. POF is generally
large core fibre (i.e. a large fibre diameter, being typically 0.25 to 2 mm in diameter) that can
bend into a smaller radius than can a silica fibre. There are some exceptions with much recent
research being focused on single mode POF, e.g. for strain sensing [19]. Despite the material
differences, both types of fibre operate under same principle of allowing the transmission of
light. A major advantage of all optical fibres is that due to their material properties, an optical
fibre is immune to external electrical interference. For example, unlike copper wiring, there is
no cross-talk between signals in different close-proximity cables and no pickup of environ-
mental noise, e.g. from proximal electrical machines or faulty electrical equipment. Recently,
the application of the optical fibre has been extended from primarily a communications
medium to the use as a sensor. An OFS introduces the idea of the modulation of a transmitted
light signal as it propagates through a fibre and through different physical phenomena that are
aimed to be measured [20]. Other specialist fibre types are available which result from novel
structures or alternative materials. Photonic Crystal or Photonic Bandgap Fibres (PCF or PBF)
rely on hollow or honeycomb (or many other sophisticated designs) patterned cores but
currently their use is confined to some specialist applications, e.g. Supercontinuum Light
sources [21]. Other specialist fibre materials are also available, e.g. Chalcogenide and ZBLAN
for mid-infrared (MIR) operation, but again their use has been confined to some specialist
sensing activities e.g. gas sensing [22].

2.3. Light source and optical detector

The light source and optical detector are fundamental parts of an OFS system. Both are
required to have the necessary operating characteristics to be useful, are required to operate
reliably over a long periods of time and to provide trustworthy data to the user. Light sources
used to support low-cost optical fibre sensors are LED based and in some cases low-cost
semiconductor laser diodes. Other systems use a broadbandwhite light source and spectrometer
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arrangement. The choice of which light source to use depends on the required application. For
example, the laser provides a very narrow wavelength range, whereas the white light source
provides a wide band of wavelengths. LEDs also provide a relatively small band of wave-
lengths (broader than laser diodes) that is governed by the semiconductor material band gap
energy. The light source can also be categorised as either a directional or diffused light source.
A directional light source emits the majority of the light in one direction and with a narrow
angle of spread. A diffused light source emits light in a wide range of directions equally and
requires optical components to efficiently couple it into waveguide. Some OFS applications
may be able to utilise an unpolarised light source, others may need a polarised light source. In
addition, there may be a requirement to the use a coherent rather than an incoherent light
source. The most commonly used optical detectors for low-cost optical fibre sensors are the
photodiode, the avalanche photodiode and the phototransistor. These optical detectors trans-
late optical intensity into an electrical signal (a current proportional to the intensity of the light
that the device is sensitive to). In addition, the light dependent resistor (LDR) can sometimes
be used which converts input light intensity to generate a change in electrical resistance.
However the LDRs tend to be inefficient and slow compared to the photodiode/phototransis-
tor type detectors. A single current output is produced which corresponds to an integral result
of the intensities at all the detected light wavelengths. If a system is to be able to discriminate
signals at discrete spectral values, an optical detector needs to be used in conjunction with an
optical grating or filter [23]. The spectral bandwidth of the detector must also be aligned with
the light source spectrum and the spectral transmission of the sensor. Other parameters to
consider in choice of detector include response time and the noise figure.

In considering the use of the LED and photodiode based arrangement, the digital sub-system
must provide the necessary digital-analogue-digital signal interface. A typical system arrange-
ment is shown in Figure 4. On the transmission side, the LED requires a drive current to output
a specific light intensity. This is produced by a voltage-to-current (VI) converter that receives a
voltage and outputs a current proportional to the input voltage. As the signal originates from a
digital sub-system, the digital output is required to be converted to its analogue equivalent

Figure 4. LED based light source current control and photodiode receiver circuit.
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of the intensities at all the detected light wavelengths. If a system is to be able to discriminate
signals at discrete spectral values, an optical detector needs to be used in conjunction with an
optical grating or filter [23]. The spectral bandwidth of the detector must also be aligned with
the light source spectrum and the spectral transmission of the sensor. Other parameters to
consider in choice of detector include response time and the noise figure.

In considering the use of the LED and photodiode based arrangement, the digital sub-system
must provide the necessary digital-analogue-digital signal interface. A typical system arrange-
ment is shown in Figure 4. On the transmission side, the LED requires a drive current to output
a specific light intensity. This is produced by a voltage-to-current (VI) converter that receives a
voltage and outputs a current proportional to the input voltage. As the signal originates from a
digital sub-system, the digital output is required to be converted to its analogue equivalent

Figure 4. LED based light source current control and photodiode receiver circuit.
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through a digital-to-analogue converter (DAC) with suitable speed and resolution. Figure 4
assumes that the DAC output is a voltage rather than a current. The light is coupled to the POF
and propagates to the sensor. Following transmission through and modulation by the sensor,
the POF propagates the returning light signal to be received by the distal photodiode. The
output of the photodiode is a current proportional to the intensity of the input light received.
This is converted to a voltage though a current-to-voltage (IV) converter and applied to the
input of an analogue-to-digital converter (ADC) with suitable speed and resolution. This set-up
assumes that the ADC is a voltage input rather than a current input device. The digital sub-
system captures and processes the digitised value. Results can then be processed and transmit-
ted to a user or an external electronic system. The photodiode characteristics (light intensity
range and range of wavelengths that can be detected) must be matched to the LED light source,
otherwise the measurements do not accurately reflect the behaviour of the measured quantity.

2.4. Referencing

The accuracy of an OFS measurement depends on how reliably the value of the modulated
signal reflects the behaviour of physical quantity being measured. However, other effects may
cause the signal to change and therefore, their influence must ideally be isolated and removed
in order to focus solely on the physical quantity being measured. In practice, this condition is
not easy to achieve due to various factors. For example, the propagating light suffers from
multiple attenuation factors in its propagation path which include losses from optical compo-
nents and uncertainty introduced by optoelectronic component variability. To compensate for
known effects that the system can be calibrated to account for, potential deviations from the
ideal should be recognised and recorded. A common method is to apply an additional light
signal that is used as a reference and is subjected to the same environmental influence as for
measurement signal. Thus, the reference signal can calibrated to the measurement signal. There
are different techniques that can be used to introduce a reference signal into system including
spatial, spectral, temporal, frequency separation or through a combination of these methods
[24]. Such an approach also requires some form of signal processing, analogue or digital, and
hence this must be factored into the design. Increasingly, digital signal processing (DSP) tech-
niques are used and in the case of software based processors or hardware configured program-
mable logic devices (PLDs), can readily be included in order to provide for programmable and
local sensor signal conditioning.

2.5. Wavelength and intensity interrogation

Some sensing elements react only to a narrow band of wavelengths. These sensor systems use
a simple intensity interrogation technique where light is collected as a single value regardless
of wavelength in order to provide a single light intensity reading. This technique is normally
used with narrow bandwidth or monochromatic light sources. A low-cost choice for the light
source in intensity interrogation based systems includes the LED and semiconductor laser
diode. However, the LED is less complex to use from the viewpoint of driver circuitry and
does not have the safety concerns that exist with some laser diodes. The optical receiver can be
a photodiode or phototransistor. Referring to Figure 5, this represents the main choices to be
made. The light source (Figure 5) is either an LED, low-cost laser diode (a) or a white light
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source (b). The choice of receiver is based on the light source. For the LED or laser diode, the
receiver (Figure 5) provides only intensity interrogation (a) and for the white light source,
either intensity or wavelength resolved interrogation (b).

It should also be noted and considered that some information can only be captured by
observing at the signal spectrum instead of the cumulative intensity integrated across the
whole spectrum. To extract such information, the signal needs to be spectrally resolved with
adequate (spectral) resolution that will enable the desired measurand to be accurately deter-
mined and recorded. This technique, also known as wavelength interrogation, usually requires
the use of a white light source and spectrometer as a detector.

Figure 6 shows the principle of operation of the spectrometer.

Figure 5. OFS system using a white light source and spectrometer or laser/LED and photodiode/phototransistor.

Figure 6. Principle of operation of the spectrometer.
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a simple intensity interrogation technique where light is collected as a single value regardless
of wavelength in order to provide a single light intensity reading. This technique is normally
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source in intensity interrogation based systems includes the LED and semiconductor laser
diode. However, the LED is less complex to use from the viewpoint of driver circuitry and
does not have the safety concerns that exist with some laser diodes. The optical receiver can be
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source (b). The choice of receiver is based on the light source. For the LED or laser diode, the
receiver (Figure 5) provides only intensity interrogation (a) and for the white light source,
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It should also be noted and considered that some information can only be captured by
observing at the signal spectrum instead of the cumulative intensity integrated across the
whole spectrum. To extract such information, the signal needs to be spectrally resolved with
adequate (spectral) resolution that will enable the desired measurand to be accurately deter-
mined and recorded. This technique, also known as wavelength interrogation, usually requires
the use of a white light source and spectrometer as a detector.

Figure 6 shows the principle of operation of the spectrometer.
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The spectrometer is becoming increasingly widely used as an optical receiver. It receives a
collimated input and disperses it into spectral components by an optical component such as a
diffraction grating. The different spectral components are then registered by an array detector
such as a charge-coupled-device (CCD) or complementary metal oxide semiconductor
(CMOS) camera. To read out the spectral data as a digital representation of the captured
optical signal, the spectrometer normally incorporates a suitable computer interface. The
whole series of tasks require high precision optical elements and the spectrometer often needs
to be recalibrated at regular intervals by a qualified technician. The cost of a spectrometer
system is a factor that normally prohibits its use in situations with limited (financial) resources
[25], although their cost and robustness is rapidly improving. Different parameters are best
measured using the optimum combinations of suitable light sources and optical receivers. For
example, surface plasmon resonance (SPR) sensing typically usually uses a white light source
and spectrometer to measure a shift of wavelength. For purely light intensity interrogation
sensing, it is possible to use a variety of light sources including the LED and laser diode, and
optical receivers including the photodiode, phototransistor or the LDR. To access the informa-
tion gathered by an OFS, the sensor information needs to be read out and displayed. A
common acquisition module for light intensity interrogation is the DAQ module with micro-
controller control. For other more complex instruments, the DAQ module is usually built into
the instrument. A computer is universally used for data read-out using a common serial
interface such as a wired USB or general purpose interface bus (GPIB), or a wireless interface
such as Wi-Fi, Bluetooth or ZigBee. Software such as LabVIEW™ from National Instruments or
MATLAB™ from The Mathworks company are commonly used to implement system control
and data analysis. To identify examples of developed systems, Table 1 provides a summary of
the attributes of five reported systems. These arrangements use a variety of approaches, but
are currently only suitable for use in a laboratory environment.

System configuration is generally similar for all sensor system implementations and this struc-
ture is shown in Figure 7. Each part can be implemented using different technologies and the
choice of implementation is dependent on the requirements of the application. The required

Authors Jiang et al. [26] Zhao et al. [27] Di et al. [28] Mahanta et al. [29] Stupar et al. [30]

Sensing
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Surface plasmon
resonance

Surface plasmon
resonance

Intensity
interrogation

Intensity
interrogation

Intensity
interrogation

Light source White light source White light source LED He-Ne laser source LED

Optical
receiver

Spectrometer Spectrometer Phototransistor Light dependent
resistor

Photo Darlington
transistor

Data
acquisition

Data acquisition
card

Spectrometer Data acquisition
card

Data acquisition
card

Microcontroller

Computer
interface

USB USB DB37 cable USB ZigBee

Data readout Computer Computer Computer Computer Computer

Data analysis LabVIEW – WaveScan 2.0 LabVIEW LabVIEW

Table 1. Examples of reported OFS system operation.
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resources are identified in terms of the computing (PC), the electronics (electronic-optical-
electronic signal interfacing), the light source and the optical receiver.

3. The field programmable gate array

3.1. Introduction

A programmable logic device (PLD) is a device with configurable logic and flip-flops linked
together with programmable interconnect. Unlike a processor [microprocessor (μP), microcontrol-
ler (μC) or digital signal processor (DSP)] which is programmed to implement a software program,
the PLD is configurable (programmable) in hardware. It is configured to implement different
digital logic hardware circuits. The architecture provides flexibility in use and re-programmability
to quickly re-target the same device to a different application. Early PLDs were based on the
architecture of the simple PLD (SPLD) which could implement basic combinational logic and
synchronous sequential logic (counter and state machine) circuits. Development of the SPLD led
to the complex PLD (CPLD) which essentially is an array of SPLDs with programmable intercon-
nect within a single device and hence, can implement more sophisticated functions. The CPLD has
found uses in applications such as instrumentation and control. An alternative to the CPLD is the
FPGA. This has a different architecture which allows for high-speed digital signal processing (DSP)
operations which would not be possible in a CPLD. An advantage of the PLD is that it the same
device can be configured and reconfigured in a short time, thus saving resources in terms of time
and money to the need to develop new digital hardware. Any new update or correction can be
simply done by downloading a new configuration bit stream into it.

3.2. The FPGA architecture

The FPGA is an integrated circuit (IC) that can be electrically configured to implement a digital
hardware design. It consists of a matrix of configurable logic blocks (CLBs) connected via

Figure 7. Typical sensor system – choice of sub-system components.
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resources are identified in terms of the computing (PC), the electronics (electronic-optical-
electronic signal interfacing), the light source and the optical receiver.

3. The field programmable gate array

3.1. Introduction

A programmable logic device (PLD) is a device with configurable logic and flip-flops linked
together with programmable interconnect. Unlike a processor [microprocessor (μP), microcontrol-
ler (μC) or digital signal processor (DSP)] which is programmed to implement a software program,
the PLD is configurable (programmable) in hardware. It is configured to implement different
digital logic hardware circuits. The architecture provides flexibility in use and re-programmability
to quickly re-target the same device to a different application. Early PLDs were based on the
architecture of the simple PLD (SPLD) which could implement basic combinational logic and
synchronous sequential logic (counter and state machine) circuits. Development of the SPLD led
to the complex PLD (CPLD) which essentially is an array of SPLDs with programmable intercon-
nect within a single device and hence, can implement more sophisticated functions. The CPLD has
found uses in applications such as instrumentation and control. An alternative to the CPLD is the
FPGA. This has a different architecture which allows for high-speed digital signal processing (DSP)
operations which would not be possible in a CPLD. An advantage of the PLD is that it the same
device can be configured and reconfigured in a short time, thus saving resources in terms of time
and money to the need to develop new digital hardware. Any new update or correction can be
simply done by downloading a new configuration bit stream into it.

3.2. The FPGA architecture

The FPGA is an integrated circuit (IC) that can be electrically configured to implement a digital
hardware design. It consists of a matrix of configurable logic blocks (CLBs) connected via
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programmable interconnects and through input/output blocks to interface with other devices.
The logic blocks consist of look-up tables (LUTs) constructed using simple memories that store
Boolean functions to perform logic operations. The LUT can handle any kind of logic function,
but the complexity of the LUT depends on the manufacturer. In addition to the LUT, and with
the growing demands to create more complex digital circuits and systems using the FPGA,
special purpose blocks such as the DSP slice, embedded memory (Block RAM in FPGAs from
Xilinx Inc.) and other functions have been introduced into FPGA. Today, a range of FPGAs
from different vendors are available. Table 2 provides a summary of the devices available from
the key programmable logic vendors. The key differences between CPLD and the FPGA are
in the device architectures and the complexity of functions that its basic unit is able to perform.
The basic unit of CPLD is known as macro cell, using simple sum-of-products combinatorial
logic functions and an optional flip-flop.

For a particular design, the configuration pattern is stored in memory within the device or
external to the device. The configuration would initially be downloaded into the FPGA mem-
ory from an external circuit in the form of a bit stream file. Depending on the particular FPGA,
the internal memory may non-volatile memory [electrically erasable programmable read only
memory (EEPROM) or Flash] or volatile memory [static read only memory (SRAM)]. When
using volatile memory, the configuration will need to be loaded from external memory into
FPGA every time it powered on in order to set-up the FPGA. Currently, SRAM based FPGA
dominate the market, however the availability of Flash memory based FPGAs is increasing
and these provide lower power consumption and no boot time (i.e. the time to start operating
once the device power supply is provided).

3.3. FPGA design flow

In many sensor designs, a software programmed processor, typically a μC, is programmed to
provide the necessary digital sub-system operations (referring to Figure 4). The design flow for

Vendor FPGA families SPLD/CPLD Other relevant devices Notes

Xilinx Inc. Virtex, Kintex,
Artix and Spartan

CoolRunner-II, XA
CoolRunner-II and
XC9500XL

3D ICs, Zync PSoC PSoC – Programmable
system on a chip

Intel
Corporation

Stratix, Arria,
MAX, Cyclone
and Enpirion

– Stratix SoC FPGA FPGAs were formerly from
Altera. Altera MAX family
also included CPLDs.

Atmel
Corporation

AT40Kxx family
FPGA

ATF15xx and ATF75xx
CPLD families, ATF16xx
and ATF22xx SPLD families

– –

Lattice
Semiconductor

ECP, MachX and
iCE FPGA families

ispMACH CPLD family – –

Microsemi PolarFire, IGLOO2
and RTG4 FPGA
families

– SmartFusion2 SoC
FPGA

FPGAs were formerly from
Actel

Table 2. Summary of key FPGAs and vendors (including SPLD and CPLD devices).
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processor based design is well-known to many people and would be chosen based on existing
knowledge and experience. However, hardware configured devices such as the FPGA can
provide advantages to the system capabilities and operation if the capabilities of the FPGA
were known and the ability to design with the FPGA existed. There are a number of advan-
tages of using an FPGA within the digital sub-system and these include:

• High speed DSP operation capabilities such as digital filtering and FFT (fast Fourier
transform) operations.

• Concurrent operation which means that operations in hardware can be run in parallel.

• A high number of digital input and output pins for connecting to peripheral devices.

• Programmable I/O standards such as LVTTL, LVCMOS, HSTL and SSTL.

• In-built memories for temporary data storage.

• In-built hardware multipliers for DSP operations.

• In some FPGAs, in-built ADCs are available for analogue input sampling.

• Availability of macros such as FFT blocks for high-speed DSP operations.

• Ability to develop custom architectures suited to the particular application which does
not restrict the designer to using the capabilities and limitations of existing processor
architectures.

‘But how is a design created using programmable logic, specifically with reference to the FPGA?’ is an
important question to ask. Details of the design flow would be specific to a particular device
vendor and each vendor would provide an integrated development environment (IDE) for
their devices. The terminology used also differs between vendors. However, Figure 8 shows a

Figure 8. Simplified FPGA design flow.
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tages of using an FPGA within the digital sub-system and these include:
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simplified view of a typical FPGA design flow. Starting with the design requirements and
understanding of the capabilities of the target FPGA, the FPGA design tool is used and the
design description created. This can be in the form of a circuit schematic, hardware description
language (HDL) description, a predesigned IP core or a FSM state transition diagram. An
advantage of using an HDL is that the design description is in the form of an ASCII text file
and if suitably written, is independent of any particular target device. This means that the
HDL code can be synthesised to a different device and this allows for flexibility in design
choice and the ability to update designs in the future if so required. The design is initially
simulated using a suitably defined test bench (also referred to as a test fixture) before synthesis
into logic and implementation within the FPGA (design place and route (P&R) into the FPGA
hardware). After synthesis and P&R, timing details in terms of additional signal delays due to
logic and interconnect propagation delays can be identified and included in the simulation
studies. This is particularly important for high-speed operation as the timing of the signals
propagating through the hardware need to be taken into consideration otherwise incorrect
circuit operation may occur. Finally, the design can be configured into the FPGA and physical
testing of the hardware can then be undertaken. At each step, depending on the simulation
and test results, it may be necessary to modify aspects of the design in order to achieve correct
circuit operation.

4. FPGA based OFS system

4.1. Introduction

Within an OFS system, the operation of the system in the majority of solutions is controlled by
the deployment of one or more software programmed processors. There would be many
reasons for adopting such an approach, particularly designer understanding and experience.
Using programmable logic as an alternative requires a different design approach and a differ-
ent set of designer skills. The design philosophy must be switched from ‘how can I achieve the
required functionality using the available sequential software functions?’ to ‘how can I achieve the
required functionality in concurrent hardware?’. When considering the use of the FPGA, there
must be benefits for adopting such an approach. The FPGA can:

• Provide the ability to handle real-time system operation with a high sampling rate of
sensor data and other DSP operations that other, traditional microcontroller only based
approaches would have problems in undertaking. For example, [31] discusses the use of
the FPGA within wireless sensor networks (WSNs). In Ref. [32], a phase-sensitive optical
time-domain reflectometer using the FPGA is discussed.

• Undertake high-speed DSP operations in hardware using embedded macros.

• Be readily reconfigured in the field for system upgrades.

• Allow the user to rapidly prototype the design in the same way as software programmed
microcontroller while provide concurrent processing capability that overcome processor
performance and precision limitations.
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• Adapt its hardware configuration to a target application needs. As the FPGA does not
have a fixed architecture, it is not limited to a predefined set of possible operations and
this allows for a custom design which matches the operating requirements of the target
application (speed, power consumption, circuit size) to be developed.

In this section, the use of the FPGA is considered as a digital core (sub-Section 4.2) to integrate
functions (sub-Section 4.3) for optically based sensor systems.

4.2. The FPGA as a digital core

With reference to the digital sub-system in Figure 4, this can be considered in terms of the
functions it needs to implement. Specifically the required functions can be considered as:

• Sensor interfacing.

• Control.

• Storage (memory).

• DSP.

• Communications to an external electronic system.

• User interfacing.

Figure 9 shows a simplified block diagram for an FPGA based design that implements the
above functions. The FPGA operation control signal timing is determined by the external clock
it uses (e.g. a 100 MHz clock) and control signals from external peripheral devices (e.g. an
external power-on reset circuit) as well as user control which has been configured into the
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simplified view of a typical FPGA design flow. Starting with the design requirements and
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• Undertake high-speed DSP operations in hardware using embedded macros.

• Be readily reconfigured in the field for system upgrades.

• Allow the user to rapidly prototype the design in the same way as software programmed
microcontroller while provide concurrent processing capability that overcome processor
performance and precision limitations.
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• Adapt its hardware configuration to a target application needs. As the FPGA does not
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device. User control can come from an external electronic system using wired or wireless
communications and from human interaction devices such as a keypad or touch-screen device.
This requires a suitable Control unit to be designed for controlling the other circuits configured
into the FPGA. Signals to/from an external system would be via a suitable Communications
circuit that allows both control signal and data transfer. Local memory, bistables (latches and
flip-flops) and SRAM are used for temporary storage. Memory may be internal to the FPGA
only, or external. Output to the sensor in the form of Sensor stimulus would be in the form of a
voltage that may need translating to a current. For example, an LED may be driven by a DC
current level or by a modulated signal using a signal encoding scheme such as pulse-width
modulation (PWM). Sensor response would be sampled using a Sensor data acquisition circuit.
Building on this architecture, additional operations, such as DSP, can be included.

4.3. Integrating functions into the FPGA

An OFS system based on a digital core within an FPGA will need to ensure that the circuit
configured into the FPGA meets the system requirements. A simple implementation would
consist of a basic communications protocol, along with a basic signal generator (LED current
control) and a signal capture (photodiode current sampling) along with memory for tempo-
rary storage of values (where the memory requirements are small then latches and flip-flops
would be sufficient, whereas where the memory requirements are larger, static random access
memory (SRAM) and Flash memory would be required). Such a basic system would not utilise
many of the available hardware resources within the FPGA and in such a case, a smaller and
simpler CPLD would probably be sufficient. The power of the FPGA however becomes appar-
ent where higher operating frequencies and embedded DSP functions are introduced. For
example, analogue signal measurements are influenced by external parameters such as ambi-
ent temperature and noise introduced into the signal from surrounding electronic circuitry and
the ambient environment. This would be particularly noticeable where low-level signal mea-
surements are required. To improve system performance, signal processing techniques such as
oversampling, averaging and correlation can be used as well as digital filtering and the FFT.
For these functions to operate in an application such as a real-time system, the calculations to
be performed need to operate at high frequency and utilise high-speed memories for tempo-
rary storage. All these requirements map effectively to modern FPGAs and so can make the
FPGA the natural choice for a high performance embedded sensor arrangement. With the
increased interest and use of the FPGA in DSP operations, recent FPGA architectures have
evolved with high-speed operation and complex DSP in mind. Generally, FPGAs today incor-
porate the following circuitry. With reference to the Xilinx FPGA families, these can include:

• CLB: The configurable logic block is a basic building block of the FPGA and incorporates
circuitry such as the look-up table (LUT), a flip-flop and a multiplexer.

• Distributed RAM: Small RAM within the LUT.

• Slices: Slices are groups of LUTs and flip-flops.

• Block RAM (dedicated two-port memory), first-in first-out (FIFO) and error correction
checking (ECC) cores.
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• Singled-ended and differential input/output cells (I/O): For higher speed signals, differen-
tial signals are preferred and the programmable I/O cells can be configured for single-
ended or differential signal operation and with different I/O standards.

• DSP slices: Essentially high-speed cells that can be used to create DSP operations.

• Analog(ue) mixed-signal (AMS) core: XADC, in-built ADC.

• Configuration bit stream encryption blocks incorporating methods such as AES, HMAC
and DNA.

Although the discussion into the use of the FPGA has so far concentrated on the development
of custom hardware designs, with hardware architectures suited to a target application needs,
it is possible and in some cases preferable to utilise a software programmed processor. A
processor itself is simply hardware with logic gates and memory connected in such a way to
implement a processor architecture. The FPGA therefore can be used to implement a processor
core and so be configured to act as a software programmed processor. Either a pre-defined
processor architecture can be implemented within the FPGA as an intellectual property (IP)
core with a description provided in Verilog-HDL or VHDL, or the designer can develop their
own architecture processor. Therefore, the FPGA can implement a design which is based on
hardware logic only, be based on a processor only or, and where the benefits of using the
FPGA can be truly seen, can implement a hardware-software co-design within a single device.
In addition, with the hardware resources available in many FPGAs, multiple processors can be
implemented within a single FPGA and so architectures consisting of arrays of interconnected
processors operating concurrently with hardware only based designs for high-speed compu-
tations can be developed.

5. Case study design

5.1. Introduction

Modern OFS systems are becoming ever more sophisticated as such systems today are
targeting more complex problems than previously considered [33]. This includes the need for
more sophisticated and computationally intensive data analysis methods. Today, an OFS
system that uses a personal computer (PC) and software data analysis software such as
LabVIEW™ or MATLAB™ has little difficulty to undertake such analysis tasks. However, the
PC may not necessarily be an ideal data processing unit for in-field measurements or real time
monitoring in remote areas due to its size and power consumption requirements. To make this
system portable for personnel to carry, and for remote deployment over extended periods of
time, it has to be physically small, lightweight, low-power and battery powered. The system
should be as easy as possible for operator personnel to use as they should not be expected to
understand the detailed electronic circuit operation or the arrangement that forms the system.
It would also be better if it is capable of real-time data processing that provides timely and
useful information via modern telemetry. Real-time data processing also reduces storage and
transmission requirements that both consume precious resources in a portable system [34].
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rary storage. All these requirements map effectively to modern FPGAs and so can make the
FPGA the natural choice for a high performance embedded sensor arrangement. With the
increased interest and use of the FPGA in DSP operations, recent FPGA architectures have
evolved with high-speed operation and complex DSP in mind. Generally, FPGAs today incor-
porate the following circuitry. With reference to the Xilinx FPGA families, these can include:

• CLB: The configurable logic block is a basic building block of the FPGA and incorporates
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• Configuration bit stream encryption blocks incorporating methods such as AES, HMAC
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Although the discussion into the use of the FPGA has so far concentrated on the development
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it is possible and in some cases preferable to utilise a software programmed processor. A
processor itself is simply hardware with logic gates and memory connected in such a way to
implement a processor architecture. The FPGA therefore can be used to implement a processor
core and so be configured to act as a software programmed processor. Either a pre-defined
processor architecture can be implemented within the FPGA as an intellectual property (IP)
core with a description provided in Verilog-HDL or VHDL, or the designer can develop their
own architecture processor. Therefore, the FPGA can implement a design which is based on
hardware logic only, be based on a processor only or, and where the benefits of using the
FPGA can be truly seen, can implement a hardware-software co-design within a single device.
In addition, with the hardware resources available in many FPGAs, multiple processors can be
implemented within a single FPGA and so architectures consisting of arrays of interconnected
processors operating concurrently with hardware only based designs for high-speed compu-
tations can be developed.

5. Case study design

5.1. Introduction

Modern OFS systems are becoming ever more sophisticated as such systems today are
targeting more complex problems than previously considered [33]. This includes the need for
more sophisticated and computationally intensive data analysis methods. Today, an OFS
system that uses a personal computer (PC) and software data analysis software such as
LabVIEW™ or MATLAB™ has little difficulty to undertake such analysis tasks. However, the
PC may not necessarily be an ideal data processing unit for in-field measurements or real time
monitoring in remote areas due to its size and power consumption requirements. To make this
system portable for personnel to carry, and for remote deployment over extended periods of
time, it has to be physically small, lightweight, low-power and battery powered. The system
should be as easy as possible for operator personnel to use as they should not be expected to
understand the detailed electronic circuit operation or the arrangement that forms the system.
It would also be better if it is capable of real-time data processing that provides timely and
useful information via modern telemetry. Real-time data processing also reduces storage and
transmission requirements that both consume precious resources in a portable system [34].

Plastic Optical Fibre Sensor System Design Using the Field Programmable Gate Array
http://dx.doi.org/10.5772/intechopen.71451

141



This section provides a case study into an OFS system using the surface plasmon resonance
(SPR) principle. The objective of this case study was to demonstrate integration of the FPGA
into an OFS system based on SPR. SPR is a popular sensing mechanism for biomedical optical
sensors as it is sensitive to a change in the refractive index of a surrounding medium. It is a
phenomenon that occurs when photon momentum is matched with plasmon momentum and
thus photon energy efficiently transfers to the surface plasmon. This results in absorption of
specific wavelengths of light that are then visible in the resulting light spectrum and the
absorption wavelengths are then used to determine the properties of the measurand. The
surface plasmon effect exists only in p-polarised (transverse magnetic) waves, so it is a require-
ment that a p-polarised wave is generated that oscillates in the same orientation in order to be
excited. A propagating photon in vacuum or air does not have enough momentum to excite
SPR [35]. The common technique to excite SPR optically is by using total internal reflection to
create an evanescent wave that has a higher momentum. The matching condition depends
heavily on the surrounding environment which makes it suitable for use as a sensor. Figure 10
shows the principle of operation for the sensor used.

The electronic system design was also created to be modular in order to accommodate differ-
ent sensing mechanisms. This is readily managed using POF as the interface medium since the
sensor housing can be changed by simply removing and inserting the transmitting and receiv-
ing fibres. The system architecture developed is discussed and the strategy to implement
refractive index measurement using a combination of the FPGA with a tri-colour (RGB: red,
green, blue) LED and photodiode is proposed. The FPGA functionality is identified in a later
section. System control and data acquisition with a host PC was created using the Python open

Figure 10. Surface plasmon sensor. Schematic diagram of total internal reflection and surface plasmon wave (SPW)
generated during SPR.
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source programming language. However, the FPGA operation does not rely on a PC connec-
tion to work. The FPGA used was the Xilinx Artix-7 [36] FPGA and this was embedded within
the Arty development board from Digilent [37]. The FPGA operates on a 100 MHz clock
frequency on this particular development board, so all digital signals were timed to this master
clock. Connections to an external printed circuit board (PCB) with additional hardware was
made using the available PCB header connections. This supports the capability to readily
configure the FPGA as well as enabling the FPGA to be powered from the USB port +5 V
power supply for development. In the final set-up, a battery pack provides the power supply
for the FPGA. The digital logic operating within the FPGA was developed using VHDL design
entry and synthesised to the Artix-7 architecture. Design entry and simulation using VHDL
test benches were undertaken using the Xilinx Vivado toolset.

5.2. System architecture

The circuit hardware design, as shown in Figure 11, was separated into five sub-systems: OFS,
power supply, digital core, light signal generation and sensing module. The power supply
module comprises a low-dropout linear voltage regulator circuit for providing the necessary
power supply to the light signal generation and sensing modules. A separate linear voltage
regulator is used to isolate the photodiode circuit from digital noise which could be present on
the power supply from the FPGA board. These regulators also provide the system flexibility to
accommodate different battery voltage levels.

The light signal generation and sensing modules are additional circuits that support the opto-
electronic components and their corresponding circuits. For light signal generation, a current
source was designed to control the light through a digital signal (two level voltage) from the
FPGA. As a tri-colour LED was used, the FPGA was required to provide a sequential series of

Figure 11. Case study system architecture.
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source programming language. However, the FPGA operation does not rely on a PC connec-
tion to work. The FPGA used was the Xilinx Artix-7 [36] FPGA and this was embedded within
the Arty development board from Digilent [37]. The FPGA operates on a 100 MHz clock
frequency on this particular development board, so all digital signals were timed to this master
clock. Connections to an external printed circuit board (PCB) with additional hardware was
made using the available PCB header connections. This supports the capability to readily
configure the FPGA as well as enabling the FPGA to be powered from the USB port +5 V
power supply for development. In the final set-up, a battery pack provides the power supply
for the FPGA. The digital logic operating within the FPGA was developed using VHDL design
entry and synthesised to the Artix-7 architecture. Design entry and simulation using VHDL
test benches were undertaken using the Xilinx Vivado toolset.
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module comprises a low-dropout linear voltage regulator circuit for providing the necessary
power supply to the light signal generation and sensing modules. A separate linear voltage
regulator is used to isolate the photodiode circuit from digital noise which could be present on
the power supply from the FPGA board. These regulators also provide the system flexibility to
accommodate different battery voltage levels.

The light signal generation and sensing modules are additional circuits that support the opto-
electronic components and their corresponding circuits. For light signal generation, a current
source was designed to control the light through a digital signal (two level voltage) from the
FPGA. As a tri-colour LED was used, the FPGA was required to provide a sequential series of
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red, green, and blue light pulses in a current range from 0 mA to 20 mA for each LED. With the
receiver, the analogue response from photodiode circuit as a voltage was sampled using the in-
built 12-bit 1 MSPS (mega sample per second) ADC (XADC) and the sampling of the responses
were synchronised with the XADC conversion timing within the FPGA. Therefore, the inten-
sity of the individual colour pulses could be recorded separately. The on-chip ADC is then
used to translate the voltage reading into a 12-bit digital signal. The photodiode current is
initially converted to a voltage using a high-gain transimpedance amplifier and then ampli-
fied. For a high attenuation sensing mechanism, the received light intensity is low and a high-
gain transimpedance amplifier using an operational amplifier (op-amp) hence required. How-
ever, this leads to noise related issues and so the choice of a suitable op-amp along with the use
of noise reduction techniques are required in the realised electronic circuit. To reduce noise in
this design, PCB ground planes and an aluminium shield fixed on top of the receiver circuit
was required. Although these additions reduced the resulting noise levels, additional noise
reduction should also be considered. A 3D printed cap for the LED allowed a bare-end of the
POF to collect light immediately from LED without any focus aid and coupled the light into
the sensor housing without the need for a connector. A photodiode that requires no connector
was also chosen to be the optical receiver for the modulated light. The OFS is an extrinsic
sensor; gold film coating on top of a glass slide and mounted on top of a 3D printed housing to
position the fibre at an angle facing the edge of the glass slide. It was designed to excite SPR for
different measurands with minimum change in the blue light region.

The digital output from the FPGA is fed into an op-amp based current driver circuit. The
digital logic 1 and 0 values from the FPGA are represented by two voltage levels of 3.3 V and
0 V. It is assumed in this discussion that the voltage levels produced are exactly 3.3 V and 0 V.
The voltage-to-current conversion is achieved using an op-amp as a unity gain amplifier with a
transistor in the feedback loop as shown in Figure 12. The transistor is included in this
configuration as a current amplifier as it can achieve higher current output than the op-amp
alone. A 20 mA current was allowed to flow when a logic 1 output is given and no current
otherwise (logic 0). A current sensing resistor, RE, is used to provide a voltage input for the
op-amp. The average current then can be controlled using the pulse width modulation (PWM)
control technique which is generated using a PWM generator circuit within the FPGA. The
FPGA then receives an analogue output from a transimpedance circuit that translates the
generated current into a voltage.

Figure 12. (a) Current source and (b) transimpedance amplifier circuit.
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The Artix-7 FPGA board used also has some additional and useful features which include
external SRAM, external Flash memory and the ability to be powered from the USB connector
or any 7–15 V power supply voltage source. The Artix-7 FPGA operates with a core voltage of
1 V, with 3.3 V I/O and a 100 MHz master clock. The XADC has access to nine external
analogue input channels and is capable of performing self-calibration in order to correct for
offset and gain errors, provided that the ADC reference voltage is reliable (i.e. an accurate and
stable value). On-board peripherals include a USB-UART (UART: universal asynchronous
receiver transmitter) integrated circuit that allows a computer to communicate with FPGA for
configuration and data transfer during normal operation. This wired communication is espe-
cially useful during development and testing. However, in the realised system and once the
FPGA has been configured, a ZigBee wireless interface is used for normal data transmission
and this allows the sensor hardware to be operated at a distance from the computer. This
FPGA board undertakes multiple functions including system control, data processing, com-
munication, LED control and analogue-to-digital conversion (ADC) for sensing module. Its
functionality is discussed detail in the next section.

5.3. FPGA functions

To support the system operation as previously discussed, the FPGA function as a digital core
(sub-system) that itself is composed of different sub-systems. The circuit configured within the
FPGA is shown diagrammatically in Figure 13. This is a block diagram representation of the
VHDL code. These sub-systems include data acquisition, control system, communication, LED
pulse generation. All these sub-systems were initially described in VHDL and operate concur-
rently. The control system includes an XADC acquisition control unit that keeps the timing of
the XADC and LED pulse generation units in synchronisation. It allows the user to set the

Figure 13. Schematic of the digital design implemented within the FPGA.
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cially useful during development and testing. However, in the realised system and once the
FPGA has been configured, a ZigBee wireless interface is used for normal data transmission
and this allows the sensor hardware to be operated at a distance from the computer. This
FPGA board undertakes multiple functions including system control, data processing, com-
munication, LED control and analogue-to-digital conversion (ADC) for sensing module. Its
functionality is discussed detail in the next section.

5.3. FPGA functions

To support the system operation as previously discussed, the FPGA function as a digital core
(sub-system) that itself is composed of different sub-systems. The circuit configured within the
FPGA is shown diagrammatically in Figure 13. This is a block diagram representation of the
VHDL code. These sub-systems include data acquisition, control system, communication, LED
pulse generation. All these sub-systems were initially described in VHDL and operate concur-
rently. The control system includes an XADC acquisition control unit that keeps the timing of
the XADC and LED pulse generation units in synchronisation. It allows the user to set the

Figure 13. Schematic of the digital design implemented within the FPGA.
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number of measurement to be taken. The light intensity control unit is tasked to regulate the
duty cycle of the PWM output for each LED. The generated signal is then passed to the digital
pin output set by multiplexer. The data acquisition system involves the use of the XADC that is
capable to sample voltage reading from 0 to 3.3 V into 12-bit digital signal and can be
controlled in order to accommodate different settling times for the signal conditioning circuit
or different sampling rates. The acquired data bit size is bigger than the UART protocol (with
eight bit data, one start bit and one stop bit), and so is required to be separated into two parts.
A protocol was developed for data transmission which included a header to indicate each
different light colour. Within the FPGA, sampled data is processed and the processed data
stored in memory storage before transmitted to PC when requested to do so. Serial communi-
cation is implemented using UART protocol with a Baud rate of 115,200 baud. At this stage,
the data is then processed with computer.

5.4. Control and data acquisition using Python

In order to interface the PC to the FPGA and then to the user, a USB or ZigBee serial interface is
used. The FPGA and the computer then communicate using UART protocol so that the
computer can send commands to the FPGA and the FPGA can respond with sensor data
results. Therefore, a suitable programming language was required to achieve the computer-
to-FPGA and computer-to-user communications. In this work, the Python open source lan-
guage is used to implement system control, data acquisition and data presentation. A graph-
ical user interface (GUI) was built using Tkinter and Matplotlib modules for Python which
enabled live data presentation. The GUI is shown in Figure 14 with left graph showing all red,
green, and blue intensities plotted together and three smaller graph at the right side shown three

Figure 14. GUI created from Python.
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individual colour intensity plots. Data labels for data frame are selected at lower left region of
GUI. The lower right region are for system control: measurement initiation and process termi-
nation. The Pyserial module was used for communication with the FPGA by using the com-
puter COM port in order to carry out FPGA control and sensor data acquisition. The acquired
data stream is then formatted using the NumPy and Pandas modules. The data structure used
was a data frame using the Pandas module. This data frame was considered as it allowed the
sensor data to be serialised into a minimal and useful JSON format that could then be stored in
a database or readily transferred elsewhere. In addition, aMySQL database was set up for data
storage and management.

Test results are shown in Figure 15. The top plot shows the sensor results with air as the
measurand and the bottom plot with water. A comparison is made between the spectrometer
measurement using an Ocean Optic QE65000 and the Industrial Fiberoptics IF-D91 photodi-
ode output. The spectrometer integration time was set to 500 ms. The line plot showing the
spectrometer reading is shown on the left y-axis and the overlap bar plot showing the photo-
diode measurement for intensity reading is shown on the right y-axis. The wavelength
x-values are only for the spectrometer reading while the photodiode just overlap with it for
comparison. In this view, both the spectrometer and photodiode’s y-values are represented in
plot using arbitrary units. The photodiode measurement and spectrometer readings for differ-
ent measurands has shown good agreement in terms of the trend of the signal during the
measurand change. However, the magnitude of the changes are not exactly the same for
the spectrometer and photodiode and this can be attributed to different spectral responsivity.
The plot shows that the blue colour measurement is relatively stable for both the photodiode
and spectrometer. The blue colour measurement shows a weak response to both measurands
and it is therefore suitable for use as the reference signal. It provides the system with a self-
calibration capability which can be built in hardware within the FPGA.

Figure 15. OFS test results visualisation.
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sensor data to be serialised into a minimal and useful JSON format that could then be stored in
a database or readily transferred elsewhere. In addition, aMySQL database was set up for data
storage and management.
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6. Conclusions

In this chapter, the use of programmable logic has been discussed in relation to the design and
implementation of OFS systems using POF technology. Specifically, the focus of the discussion
was based on the use of the FPGA to provide hardware functionality as a complement to a
software based processor approach. In this case, the necessary digital operations were
performed in hardware using a synthesised VHDL description of the digital logic functions.
The FPGA provided the necessary signals to control the output light intensity of a LED source
using current control. An RGB LED was used, and hence three wavelengths of light could be
created and combined. The light was propagated to a SPR sensor using standard 1 mm
diameter POF and was received by a photodiode detector, also using POF. The chapter has
included a case study of a SPR sensor based on POF, and the system has been designed, built
and characterised when tested in air and submersed in water. With the functions created in this
particular application, the building blocks of the FPGA based sensor systems capable of
measurement of a wide range of parameters could be developed. FPGA control, data capture
and visualisation was achieved on PC using the Python open source language.
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Abstract

We developed an inclined dual fiber optical tweezers (DFOTs) for simultaneous force 
application and measurements in a 3D hydrogel matrix. The inclined DFOTs provide a 
potential solution for cell mechanics study in a three-dimensional matrix.
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1. Introduction

Optical tweezers (OTs) have been widely used in manipulating micro- or nanoscale particles 
and measuring nanometer-scale displacements since Arthur Ashkin pioneered the field in 
the early 1970s [1]. OTs have enabled significant advances in a range of applications in in bio-
logical and physical researches, such as the study of the motion of individual motor proteins 
[2, 3], rheology measurements of cell cytoskeleton response to external stimuli [4, 5], and 
mechanical properties of polymers [6]. Conventional OTs rely on high-numerical-aperture 
objective lenses. The intrinsic limitations, such as being bulky, expensive, the lack of flex-
ibility, and the requirement of substrate transparency, significantly hinder the application 
of conventional OTs in emerging biophysical topics such as cellular mechanics in a three-
dimensional (3D) environment.

Both mechanical forces generated by cells [7] and external forces applied on cells [8] have been 
shown not only to determine cell behaviors, but also to regulate biological development such 
as proliferation [9] and differentiation [10]. Currently, most of cellular force characterization 
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has been carried out on deformable and homogeneous cell substrates [11, 12]. Cellular traction 
force can be backed out by measuring the local deformation of substrate. These techniques are 
also called traction force microscopy (TFM). Polyacrylamide gel is one of the most commonly 
used substrates for TFM. Its linear elastic properties lie in the range of deformation induced 
by single cells. Therefore, Polyacrylamide gel has been wildly used to measure cellular forces 
based on the substrate deformation during the cell attachment and migration [7], to investi-
gate cell behaviors under various conditions of extracellular matrix (ECM) (e.g., by varying 
substrate stiffness) [13, 14], and to study traction forces of cells fully encapsulated in an elastic 
gel matrix [15].

In TFM, the mechanical properties of the substrate have to be pre-characterized in order to 
obtain the cell traction forces from the measured deformation field. Generally, local mechani-
cal properties of the substrates, such as polyacrylamide gel, is measured by using atomic force 
microscopy (AFM) [16, 17]. However, the AFM based microrheology measurements require 
physical contact, and the resolution of lateral force measurements is limited. Micropost arrays 
[18] are an alternative substrate structure that has been used to replace polyacrylamide gel. 
However, these techniques cannot measure cellular forces in 3D compartments. Measurements 
of cellular traction forces in 3D compartments are important, since the behaviors of cells are 
different in a native environment, which is always inhomogeneous and 3D, compared to a 
2D substrate [19]. Legant et al. quantified traction forces of cells embedded in a 3D hydrogel 
matrices by tracking a large number of fluorescent beads around the cells [15]. However, it is 
challenging to provide real-time measurements, since the post-process is time-consuming. In 
addition, a homogeneous elastic medium is required in order to back out the cellular forces 
for all the techniques mentioned above.

In this chapter, we demonstrate a versatile and flexible fiber optical trapping system, namely 
the inclined dual fiber optical tweezers (DFOTs) [20, 21], for measuring forces on and apply-
ing forces to particles embedded in a 3D compartment, without requiring any physical con-
tact with the particles. It can reach anywhere in a liquid medium and does not require the 
substrate transparency. The trap can work with particles high above the substrate or those 
encapsulated inside a solid 3D compartment but close to the surface. Since the inclined DFOTs 
create traps without relying on the bulky objective lens, they have great potential to be min-
iaturized and integrated.

We demonstrate that the maximum force provided by the inclined DFOTs is comparable 
with that of conventional optical tweezers. For example, in our experiment with the inclined 
DFOTs, we obtained an optical force of ~20 pN on a 4.63 μm silica bead when an optical 
power at each fiber tip was 100 mW. By comparison, the maximum optical trapping forces 
provided by the conventional OTs is around 10 pN per 100 mW for micrometer-sized beads 
[22]. Moreover, compared with conventional OTs, the inclined DFOTs could allow a higher 
optical trapping power before possible photodamage occurs to a trapped cell. This is due 
to the following two reasons. (1) The optical power is distributed over a large area of cell 
surfaces from both sides of the inclined DFOTs, and hence the intensity is lower on the cell. 
By comparison, conventional optical tweezers focusing all the power in a sub-micron spot, 
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resulting in a higher intensity and likelihood of photodamage with the same power. (2) The 
optical beam size in the inclined DFOTs is around 30 μm at the trap position (beam intersec-
tion), so the effective trapping power illuminated on a 5 μm bead is much less than the power 
emitted from the fiber tip.

In this work, the calibration of the optical trapping spring constant was carried out on 
microscale silica beads in water as well as those embedded in 3D polyacrylamide gel compart-
ments. In addition, the in-situ characterization of polyacrylamide gel stiffness was performed 
by optical trapping measurements, and the results are in agreement with AFM measure-
ments. Since there is no requirement for the polyacrylamide gel to be homogeneous in the 
optical trapping measurements, our results imply that the inclined DFOTs can be potentially 
used to characterize local mechanical properties of a 3D inhomogeneous, nonlinear medium. 
In addition, by varying the optical power of the inclined DFOTs, we can change the effective 
spring constant on the particles encapsulated in a polyacrylamide gel compartment. These 
results indicate that the inclined DFOTs can be used as a powerful tool to apply forces to bio-
logic samples, for example cells, and to measure their responses simultaneously in a native 
3D inhomogeneous environment.

2. Methodology

2.1. System setup and working principles

In the optical trap, optical forces arise from the momentum transfer during the scattering or 
refraction of incident photons [23]. When a dielectric particle, with a refractive index higher 
than the surrounding medium, is illuminated by a light beam, it will change the direction of 
light beam and in turn experience a force that is described as the sum of two components: a 
scattering force directed along the light beam and a gradient force pointing to the region of 
maximum light intensity. Traditionally, an optical trap is created by focusing a single laser 
beam with a high numerical aperture objective, which is called objective based OTs. Unlike 
objective based OTs, the inclined DFOTs create traps based on two inclined optical beams that 
can apply two sets of gradient forces and scattering forces, as shown Figure 1(a). Once the 
four optical forces balance with all other forces that the particle is subject to, such as viscous 
drag force and gravity, a 3D optical trap can be successfully created.

The setup of the inclined DFOTs was based on our previous work [20, 24, 25]. Briefly, we 
set up the inclined DFOTs on an inverted microscope platform. Each fiber was mounted on 
a common board and was aligned with respect to the other via a miniature 3D translational 
stage and a micro 1D rotational stage, as shown in Figure 1(a). The fiber inclination angle and 
fiber separation was also controlled by adjusting these stages. The position of the optical trap 
was then adjusted by manipulating the common board via another 3D translational stage.

The measurement setup is shown in Figure 1(b). Light from a 980 nm laser diode (AC 1405-
0400-0974-SM-500, Eques) was split into two lensed fibers (Nanonics Imaging, Ltd) through 
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resulting in a higher intensity and likelihood of photodamage with the same power. (2) The 
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light beam and in turn experience a force that is described as the sum of two components: a 
scattering force directed along the light beam and a gradient force pointing to the region of 
maximum light intensity. Traditionally, an optical trap is created by focusing a single laser 
beam with a high numerical aperture objective, which is called objective based OTs. Unlike 
objective based OTs, the inclined DFOTs create traps based on two inclined optical beams that 
can apply two sets of gradient forces and scattering forces, as shown Figure 1(a). Once the 
four optical forces balance with all other forces that the particle is subject to, such as viscous 
drag force and gravity, a 3D optical trap can be successfully created.

The setup of the inclined DFOTs was based on our previous work [20, 24, 25]. Briefly, we 
set up the inclined DFOTs on an inverted microscope platform. Each fiber was mounted on 
a common board and was aligned with respect to the other via a miniature 3D translational 
stage and a micro 1D rotational stage, as shown in Figure 1(a). The fiber inclination angle and 
fiber separation was also controlled by adjusting these stages. The position of the optical trap 
was then adjusted by manipulating the common board via another 3D translational stage.

The measurement setup is shown in Figure 1(b). Light from a 980 nm laser diode (AC 1405-
0400-0974-SM-500, Eques) was split into two lensed fibers (Nanonics Imaging, Ltd) through 
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a 3 dB coupler. The equalized optical power outputs from the two lensed fiber ends were 
ensured by attenuators. When a micro silica bead in water or in polyacrylamide gel was 
trapped, the light scattered by the bead was collected by an objective lens and detected by 
a position-sensitive detector (PSD) (DL100-7-PCBA3, First Sensor), which enabled precision 
measurements of bead displacements in the x, y, and z directions with a nanometer resolution. 
All the fibers in the system are single mode at the wavelength of 980 nm.

2.2. Power spectrum calibration of optical spring constant

In this paper, calibration of the optical tweezers was accomplished by the power spectrum 
analysis method [26]. In the power spectrum analysis, the motion of a particle was confined 
by the restoring “spring” forces provided by the optical trap as well as the surrounding 
medium (such as the polyacrylamide gel) and can be expressed by [26]

  m x ¨   (t)  + γ  x   ̇  (t)  +  k  x   x (t)  =   (2  k  B   T  γ  0  )    1/2  η (t) ,  (1)

Figure 1. (a) Working principles and the setup schematic of the inclined DFOTs. The inclined DFOTs can be moved by 
a single translational stage that controls the position of the aluminum plate (top rectangular board  in the figure). (b) 
Schematic of the measurement setup of the inclined DFOTs. Fs = scattering force; Fg = gradient force.
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and the one-sided power spectrum of the particle displacement can be expressed as [23, 25]

   S  xx   (f)  =   
 k  B   T
 __________  π   2  γ (  f  0     2  +  f   2 )   ,  (2)

where T is the absolute temperature, kB is the Boltzmann’s constant, γ represents the hydro-
dynamic drag coefficient (γ = 6πηa for the Stokes drag on a spherical particle with a radius 
of a and a medium viscosity of η), and f0 stands for the corner frequency that is related to the 
trapping spring constant k by

  k = 2𝜋𝜋𝜋𝜋  f  0  .  (3)

In our experiments, the motion of the trapped particle was detected by the PSD output signals 
that were recorded in a period of 5 seconds at a sampling rate of 50 kHz. Its power spectra were 
obtained by complex Fourier transform of the PSD signals [26]. The sampling rate in the experi-
ment was much larger than the measured corner frequency, which in our case is tens of Hz. The 
exponential distributed power spectrum data were then blocked and transformed to Gaussian 
distribution, which was used to follow the least square curve fitting. Being fitted to a Lorentzian 
in Eq. (1) with a frequency range of 10–800 Hz, the blocked power spectra provided the calibra-
tion results of the spring constants following Eq. (2). The calibration of the spring constant of the 
inclined DFOTs does not require excitation of particle motion at any specific frequencies. The 
calibration is passive and relies only on monitoring the confined Brownian motion of trapped 
particle. Therefore, the inclined DFOTs can be used for in-situ and real-time measurements.

2.3. Experimental measurements in water

We first investigated the dependence of the spring constant of the inclined DFOTs on the opti-
cal power in water, which allowed us to better characterize the inclined DFOTs. The results 
obtained in water set the base for polyacrylamide gel characterization that was described in 
Section 2.4. Silica beads (Bangs Laboratories, Inc.) with a density of 2.0 g/cm3 and a diameter 
of 4.63 μm were used in all experiments. A diluted silica bead solution, with a ratio of deion-
ized (DI) water to original bead solution (10.2%, 0.5 g in weight) at 6000:1 was ultrasoni-
cated in order to reverse bead aggregation. One drop of diluted bead solution (~0.2 ml) was 
added on a coverglass, where the trapping experiment was carried out. In order to reduce the 
sidewall effects, we accomplished the optical trap calibration with beads 3D trapped around 
35 μm above the coverslip [22].

2.4. Experiment measurements in polyacrylamide gel

In this experiment, the inclined DFOTs were used to apply tunable forces on a bead embed-
ded in the polyacrylamide gel without any physical contact. In the meantime, the resultant 
motion of the bead was monitored and measured by the PSD to enable spring constant cali-
bration of both the optical trap and the polyacrylamide gel. By varying the optical power, the 
optical force provide by the inclined DFOTs was readily tuned, which enables the calibration 
of the effective spring constant of the hydrogel.
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2.4.1. Polyacrylamide gel sample preparation

Polyacrylamide gels were fabricated on 25 × 25 mm2 coverslips. In all the experiments, we pre-
pared the polyacrylamide gel solution with the desired concentration of 5% acrylamide and 
0.04% bisacrylamide in a pH 8.2 HEPES buffer. By adding 3 μl tetramethylethylenediamine 
(TEMED) and 10 μl of 10% ammonium persulfate (APS) solution for each 1 ml of polyacryl-
amide gel solution, we can initiate the polymerization process. The polyacrylamide gel solu-
tion was then quickly transferred to a glutaraldehyde-activated coverslip and covered by a 
second plasma-cleaned coverslip, on which dried silica beads with a diameter of 4.63 μm were 
attached previously. A polymerized polyacrylamide gel with a desired thickness of ~ 50 μm 
was achieved by controlling the volume of polyacrylamide gel solution on each coverslip to 
be 30 μl. The gelation was complete after curing the gel solution for 15 minutes at the room 
temperature. We obtained the polyacrylamide gel sample with silica beads embedded on the 
its top after peeling off the second coverslip. Due to the deformation of the polyacrylamide 
gel during the polymerization process, not all the beads are on the polyacrylamide gel surface. 
Beads close to the surface of the polyacrylamide gel were selected for the optical trapping 
experiments.

2.4.2. Optical trapping experiment of polyacrylamide gel calibration

The optical trapping experiment of polyacrylamide gel calibration was carried out by ana-
lyzing the confined motion of the bead, which resulted from the confinement effects of 
both the optical trap and the polyacrylamide gel. A bead close to the polyacrylamide gel 
top surface was first identified, and the inclined DFOTs were moved to this pre-identi-
fied location so that the bead was in the optical trap. The power spectrum measurements 
enabled the calibration of an effective spring constant. The tunable optical spring constant 
was achieved by varying the optical power, which allowed the polyacrylamide gel stiffness 
to be calibrated.

2.4.3. AFM measurements of polyacrylamide gel moduli

In this work, AFM [16, 17] was used to characterize local viscoelastic properties of polyacryl-
amide gel around the bead that was studied in the inclined DFOTs. An Asylum Research 
MFP3D-BIO AFM (Asylum Research, CA) was used for the measurements. Briefly, The AFM 
cantilever was first moved to the location above the polyacrylamide gel top surface around 
the selected bead that was studied by the inclined DFOTs. The cantilever was then lowered 
down to create an approximate 2 μm indentation in the gel. A small oscillating indentation 
at the tip was generated by driving the cantilever sinusoidally with an amplitude of 25 nm 
and a frequency f = 10 Hz. The gel elastic modulus (E′) and the viscous modulus (E″), which 
are also referred to as the storage and loss moduli, respectively, were measured based on the 
cantilever force and indentation. The experimentally measured E′ and E″ are 1469.9 ± 555.9 Pa 
and 533.2 ± 243.4 Pa, respectively (see Section 3.2.2). The viscosity of the polyacrylamide gel 
was calculated using  η =   E   ″ ⁄ 2𝜋𝜋f  .
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3. Experimental results and discussion

3.1. Experimental results in DI water and discussion

In this section, we will demonstrate the capability of the inclined DFOTS to apply and mea-
sure 3D forces in aqueous environments.

3.1.1. 3D trapping of yeast cells in DI water

3D trapping of silica beads with the inclined DFOTs was demonstrated in our previous work 
[20, 24, 25]. Here, we show that the inclined DFOTs are also applicable to 3D trapping of 
biological samples. In this experiment, the inclined DFOTs were used to trap and manipu-
late a living yeast cell in all three dimensions in DI water, as shown in Figure 2. The trapped 
yeast cell was moved via controlling the aluminum board (see yellow block in Figure 1(a)) 
by a single 3D stage (not shown in Figure 1(a)). The maximum moving speed of the trapped 
cells was dependent on the optical power. For example, the maximum moving speed was 
measured to be around 20 μm/s before the yeast cells escaped from the trap, when the optical 
power is 6.8 mW from each fiber. Manipulating the 3D positions of living cells bestows on the 
inclined DFOTs the capability of relocation and assembly of living biological particles with 
micrometer size.

3.1.2. Optical trapping spring constant calibration in water

Silica beads with the size of 4.63 μm were used to carry out the calibration of the trapping 
spring constant. The uniformity in shape and material properties allows silica beads to serve 
as appropriate samples for evaluating the capability of the inclined DFOTs.

The optical trapping spring constant can be measured by the bead displacement power spec-
trum when a silica bead is trapped in three dimensions in water. Figure 3(a) and (c) show the 
typical power spectrum data of a bead trapped in water in the x and y axes, respectively. The 
corresponding corner frequencies obtained by fitting the blocked power spectra to Lorentzian 
are 86.0 ± 3.3 Hz in the x axis (Figure 3(a)) and 74.4 ± 3.1 Hz in the y axis (Figure 3(c)). We 
notice that the spring constants in the x and y directions are different, which are mainly due 
to different optical field distributions along the two directions, as shown in Figure 1(a). The 
linear dependence of optical spring constant on optical power along the x and y directions is 
shown in Figure 3(b) and (d), respectively. The maximum power used in the experiment is 
120 mw and the corresponding spring constants of the inclined DFOTs are 22.1 ± 1.0 pN/μm 
and 21.5 ± 0.9 pN/μm in the x and y directions, respectively. The tunable optical forces can be 
determined by measuring the displacement of the trapped particle. According our previous 
results [20], the linear range of the force-displacement relationship is around −1 to 1 μm, and 
the maximum bead displacement in the inclined DFOTs is around 2 μm before it escapes from 
the trap. When the bead displacements is between 1 and 2 μm, the trap is not stable and the 
bead may easily escape.
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MFP3D-BIO AFM (Asylum Research, CA) was used for the measurements. Briefly, The AFM 
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down to create an approximate 2 μm indentation in the gel. A small oscillating indentation 
at the tip was generated by driving the cantilever sinusoidally with an amplitude of 25 nm 
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are also referred to as the storage and loss moduli, respectively, were measured based on the 
cantilever force and indentation. The experimentally measured E′ and E″ are 1469.9 ± 555.9 Pa 
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late a living yeast cell in all three dimensions in DI water, as shown in Figure 2. The trapped 
yeast cell was moved via controlling the aluminum board (see yellow block in Figure 1(a)) 
by a single 3D stage (not shown in Figure 1(a)). The maximum moving speed of the trapped 
cells was dependent on the optical power. For example, the maximum moving speed was 
measured to be around 20 μm/s before the yeast cells escaped from the trap, when the optical 
power is 6.8 mW from each fiber. Manipulating the 3D positions of living cells bestows on the 
inclined DFOTs the capability of relocation and assembly of living biological particles with 
micrometer size.

3.1.2. Optical trapping spring constant calibration in water

Silica beads with the size of 4.63 μm were used to carry out the calibration of the trapping 
spring constant. The uniformity in shape and material properties allows silica beads to serve 
as appropriate samples for evaluating the capability of the inclined DFOTs.

The optical trapping spring constant can be measured by the bead displacement power spec-
trum when a silica bead is trapped in three dimensions in water. Figure 3(a) and (c) show the 
typical power spectrum data of a bead trapped in water in the x and y axes, respectively. The 
corresponding corner frequencies obtained by fitting the blocked power spectra to Lorentzian 
are 86.0 ± 3.3 Hz in the x axis (Figure 3(a)) and 74.4 ± 3.1 Hz in the y axis (Figure 3(c)). We 
notice that the spring constants in the x and y directions are different, which are mainly due 
to different optical field distributions along the two directions, as shown in Figure 1(a). The 
linear dependence of optical spring constant on optical power along the x and y directions is 
shown in Figure 3(b) and (d), respectively. The maximum power used in the experiment is 
120 mw and the corresponding spring constants of the inclined DFOTs are 22.1 ± 1.0 pN/μm 
and 21.5 ± 0.9 pN/μm in the x and y directions, respectively. The tunable optical forces can be 
determined by measuring the displacement of the trapped particle. According our previous 
results [20], the linear range of the force-displacement relationship is around −1 to 1 μm, and 
the maximum bead displacement in the inclined DFOTs is around 2 μm before it escapes from 
the trap. When the bead displacements is between 1 and 2 μm, the trap is not stable and the 
bead may easily escape.
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Figure 2. 3D trapping of living yeast cells with the inclined DFOTs in water [24, 25]. (a–d) Microscope images of 
trapping a yeast cell. The yeast cell was trapped (a) and manipulated in the (b) −x direction, followed by (c) +z and (d) 
+y directions. The corresponding next movements of the optical trap are shown in the lower left corners of (a–c) and at 
the bottom of (e–f). The upper arrows represent the trapped yeast cell, and the lower arrows are the reference yeast cell. 
(e–g) Schematics showing the positions of the fibers and trapped beads in (b–d), respectively. The shadow shown on the 
left-hand side of (a–d) is the trapped fiber tip. The optical power from each fiber taper was 6.8 mW.
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Figure 3. Experimentally measured power spectrum data of a 4.63 μm bead trapped in water (hollow circles) and 
Lorentzian fitting (solid curves) at 91.76 mW in the (a) x and (c) y directions. Optical trapping spring constant as a 
function of optical power in the (b) x and (d) y directions. The linear fitting (solid line) of spring constant on optical 
power passes point (0, 0). The extension is the dashed line. The optical power drawn in the figure is the power emitted 
by each fiber. SC stands for spring constant.
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Figure 3. Experimentally measured power spectrum data of a 4.63 μm bead trapped in water (hollow circles) and 
Lorentzian fitting (solid curves) at 91.76 mW in the (a) x and (c) y directions. Optical trapping spring constant as a 
function of optical power in the (b) x and (d) y directions. The linear fitting (solid line) of spring constant on optical 
power passes point (0, 0). The extension is the dashed line. The optical power drawn in the figure is the power emitted 
by each fiber. SC stands for spring constant.
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It is noted that the optical force can be calculated by multiplying optical trapping spring con-
stant by the bead displacement. The results in Figure 3(b) and (d) indicate that the inclined 
DFOTs can provide forces ranging from sub-pN to tens of pN. It implies that the inclined 
DFOTs can be used to measure cellular forces, since various cellular forces lie in this range, 
such as those generated by neural growth cone [27] and by a single actin filament [28]. 
Compared with the force sensing range of AFM, which is in the range of 10 pN to 100 nN [29], 
the force range of inclined DFOTs may extend the range of the biological applications and 
measurable quantities that may be challenging for AFM.

The error bars in Figure 3(b) and (d) are the 95% confidence interval ranges of the Lorentzian 
curve fitting. It can be seen that there is a linear relationship between the spring constant and 
the optical power in both x and y directions. The results in water confirm that the optical force 
can be well characterized, which enables the inclined DFOTs to exert controlled optical forces 
as well as measurements of external forces on the trapped particles.

There are data points in Figure 3(b) and (d) scattering around the fitted linear curve. This 
may be that the z-dimensional equilibrium position (see Figure 1(a)) of the trapped bead is 
dependent on the optical power. It could introduce a nonlinearity between the spring con-
stant and optical power. In addition to the errors of the Lorentzian fitting, other sources of the 
uncertainties include electronic noise, external noise, as well as errors of the bead diameter.

3.2. Experimental measurements of polyacrylamide gel and discussion

3.2.1. Experimental results measured by inclined DFOTs

In the experiments, the effective spring constant was changed by tuning the optical power. We 
obtained the dependence of effective spring constant on power in the y direction, as shown 
in Figure 4(b). Each single data point in Figure 4(b) is acquired from the Lorentzian fitting 
of a set of power spectrum data at a fixed power as described in Section 2.2. A typical set of 
power spectrum data is shown in Figure 4(a). It is seen that there exists a linear relationship 
between the effective spring constant and the optical power, as shown in Figure 4(b). In the 
experiment, since the effective spring constant is attributed to both the optical trapping and 
the polyacrylamide gel, the intrinsic stiffness of the polyacrylamide gel with no laser illumina-
tion can be obtained to be 0.012 ± 0.005 N/m, which is based on the intersect of the fitted curve 
with the vertical axis. The error bar is determined by the standard deviation of 4 independent 
measurements. We show one of the spring constant-power curves in Figure 4(b). This enables 
the inclined DFOTs to characterize the mechanical properties of solid media in-situ. Optical 
forces on embedded beads can be calculated by measuring the bead displacement once the 
equivalent spring constant of polyacrylamide gel is characterized.

Since the calibration of the material equivalent spring constant is accomplished by monitor-
ing the bead confined Brownian motion, the inclined DFOTs can used to measure the stiffness 
of nonlinear materials. We estimate that the effective root-mean-square displacement of the 
Brownian motion is around 0.6 nm for a bead embedded in a material with an equivalent 
spring constant of 0.012 N/m at the room temperature. Most of the materials can be con-
sidered to be linear and uniform in such a small range as 0.6 nm, so the material equivalent 
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spring constant can be calibrated in situ. As a result, unlike other measurements where mate-
rial linearity is important, such as traction force microscopy, the optical trapping measure-
ment of the material properties (and hence the forces) is not dependent on the linearity or 
homogeneity of the materials.

In addition, unlike traditional AFM measurements which require physical contact, no physi-
cal contact is needed for the inclined DFOTs. This enables the inclined DFOTs to work with 
particles embedded in 3D matrices. Although the traction force microscopy has been demon-
strated in a homogenous 3D medium, it is still challenging to realize real-time measurements 
due to the requirement of tracking large numbers of fluorescent beads [15]. By comparison, 
the inclined DFOTs have a potential to provide a real-time, versatile, and non-invasive way to 
measure the material properties inside a 3D heterogeneous and nonlinear medium.

It is noted that laser illumination can affect the mechanical properties of polyacrylamide gel in 
the experiment. For example, under laser illumination, local temperature changes originating 

Figure 4. (a) A typical set of experimental power spectrum data fitted by a Lorentzian in the polyacrylamide gel at the 
power of 67.0 mW, which corresponds to the fifth data point in (b). (b) The effective y-axis (see Figure 1(a)) spring 
constant as a function of optical power for a bead embedded in the polyacrylamide gel. The intersection with the vertical 
axis of 0.012 N/m indicates the polyacrylamide gel stiffness. SC stands for spring constant.
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It is noted that the optical force can be calculated by multiplying optical trapping spring con-
stant by the bead displacement. The results in Figure 3(b) and (d) indicate that the inclined 
DFOTs can provide forces ranging from sub-pN to tens of pN. It implies that the inclined 
DFOTs can be used to measure cellular forces, since various cellular forces lie in this range, 
such as those generated by neural growth cone [27] and by a single actin filament [28]. 
Compared with the force sensing range of AFM, which is in the range of 10 pN to 100 nN [29], 
the force range of inclined DFOTs may extend the range of the biological applications and 
measurable quantities that may be challenging for AFM.

The error bars in Figure 3(b) and (d) are the 95% confidence interval ranges of the Lorentzian 
curve fitting. It can be seen that there is a linear relationship between the spring constant and 
the optical power in both x and y directions. The results in water confirm that the optical force 
can be well characterized, which enables the inclined DFOTs to exert controlled optical forces 
as well as measurements of external forces on the trapped particles.

There are data points in Figure 3(b) and (d) scattering around the fitted linear curve. This 
may be that the z-dimensional equilibrium position (see Figure 1(a)) of the trapped bead is 
dependent on the optical power. It could introduce a nonlinearity between the spring con-
stant and optical power. In addition to the errors of the Lorentzian fitting, other sources of the 
uncertainties include electronic noise, external noise, as well as errors of the bead diameter.

3.2. Experimental measurements of polyacrylamide gel and discussion

3.2.1. Experimental results measured by inclined DFOTs

In the experiments, the effective spring constant was changed by tuning the optical power. We 
obtained the dependence of effective spring constant on power in the y direction, as shown 
in Figure 4(b). Each single data point in Figure 4(b) is acquired from the Lorentzian fitting 
of a set of power spectrum data at a fixed power as described in Section 2.2. A typical set of 
power spectrum data is shown in Figure 4(a). It is seen that there exists a linear relationship 
between the effective spring constant and the optical power, as shown in Figure 4(b). In the 
experiment, since the effective spring constant is attributed to both the optical trapping and 
the polyacrylamide gel, the intrinsic stiffness of the polyacrylamide gel with no laser illumina-
tion can be obtained to be 0.012 ± 0.005 N/m, which is based on the intersect of the fitted curve 
with the vertical axis. The error bar is determined by the standard deviation of 4 independent 
measurements. We show one of the spring constant-power curves in Figure 4(b). This enables 
the inclined DFOTs to characterize the mechanical properties of solid media in-situ. Optical 
forces on embedded beads can be calculated by measuring the bead displacement once the 
equivalent spring constant of polyacrylamide gel is characterized.

Since the calibration of the material equivalent spring constant is accomplished by monitor-
ing the bead confined Brownian motion, the inclined DFOTs can used to measure the stiffness 
of nonlinear materials. We estimate that the effective root-mean-square displacement of the 
Brownian motion is around 0.6 nm for a bead embedded in a material with an equivalent 
spring constant of 0.012 N/m at the room temperature. Most of the materials can be con-
sidered to be linear and uniform in such a small range as 0.6 nm, so the material equivalent 
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spring constant can be calibrated in situ. As a result, unlike other measurements where mate-
rial linearity is important, such as traction force microscopy, the optical trapping measure-
ment of the material properties (and hence the forces) is not dependent on the linearity or 
homogeneity of the materials.

In addition, unlike traditional AFM measurements which require physical contact, no physi-
cal contact is needed for the inclined DFOTs. This enables the inclined DFOTs to work with 
particles embedded in 3D matrices. Although the traction force microscopy has been demon-
strated in a homogenous 3D medium, it is still challenging to realize real-time measurements 
due to the requirement of tracking large numbers of fluorescent beads [15]. By comparison, 
the inclined DFOTs have a potential to provide a real-time, versatile, and non-invasive way to 
measure the material properties inside a 3D heterogeneous and nonlinear medium.

It is noted that laser illumination can affect the mechanical properties of polyacrylamide gel in 
the experiment. For example, under laser illumination, local temperature changes originating 
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from optical absorption of the trapped particle can change the surrounding medium viscosity 
[30]. The polyacrylamide gel stiffness has also been observed to change under localized laser 
illumination [31, 32]. Moreover, polyacrylamide gel mechanical integrity can also be changed 
[31] due to the nature of polyacrylamide gel swelling. In addition, the effective polyacrylamide 
gel property may be influenced due to the imperfect contact condition at the interface between 
bead and surrounding polyacrylamide gel. In our experiments, we noticed differences in data 
obtained in water and polyacrylamide gel, mainly in the slope of spring constant-power curve, 
shown in Figures 3(b), (d), and 4(b). Although we do not fully understand how the polyacryl-
amide gel has been changed by laser illumination, we observed the linear dependence of cor-
ner frequencies on optical power, because the spring constant-power data in polyacrylamide 
gel can be well fitted by linear functions. According to the repeatability of our optical trapping 
measurements of the polyacrylamide gel stiffness, we believe the laser-induced polyacryl-
amide gel changes are reversible. As a result, the capability of the inclined DFOTs to measure 
the intrinsic polyacrylamide gel stiffness will not be influenced by the laser induced polyacryl-
amide gel changes, since the measurement of the intrinsic polyacrylamide gel stiffness with 
the inclined DFOTs is determined by the intersect of the linear fitting curve on the vertical axis.

3.2.2. Experimental results measured by AFM

AFM based microrheology measurements [16, 17] were also used to characterize the local 
viscoelasticity of polyacrylamide gel. In this work, AFM was used to serve as a reference to 
verify the inclined DFOTs measurements. To ensure the statistical measurements, we char-
acterized the viscoelastic properties of polyacrylamide gel at 19 different locations around 
the bead of interest. The typical AFM force and indentation curves, shown in Figure 5(a), 
can be fitted by sinusoidal function to remove noise. Figure 5(b) plots the force as a function 
of indentation. Its raw data and the corresponding fitted data is shown as the blue and red 
curves, respectively. The hysteresis in Figure 5(b) indicates the viscoelasticity of polyacryl-
amide gel, which can be used to back out the elastic and viscous moduli. Following the 
analysis method in Ref. [16], the elastic and viscous moduli of the polyacrylamide gel can be 
calculated and obtained to be 1469.9 ± 555.9 Pa and 533.2 ± 243.4 Pa, respectively. The mean 
values and standard deviations of the moduli were determined by 19 independent measure-
ments. As a result, based on the viscous moduli of the polyacrylamide gel, we obtained its 
viscosity to be 8.5 ± 3.9 Pa ⋅ s.

3.2.3. Comparison of the inclined DFOTs and AFM results

In the experiments, the optical trapping experiments measure the effective spring constants 
(with a unit of N/m) on a silica bead, which is dependent on bead size, the bead location, 
and the elastic modulus of polyacrylamide gel. However, AFM measures the elastic modu-
lus (with a unit of Pa). To compare them, we used the commercial finite element analysis 
software (COMSOL) to calculate the spring constant on a bead embedded in the top surface 
of polyacrylamide gel using the elastic modulus measured from the AFM experiments. We 
then compared the spring constant obtained by the inclined DFOTs measurements with that 
calculated from COMSOL.
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We use the Kelvin-Voigt model to describe the viscoelasticity of polyacrylamide gel in the simula-
tion. By applying a 20 nN static body force applied parallel to the polyacrylamide gel surface, we 
obtain the displacement of a silica bead embedded in the polyacrylamide. The polyacrylamide 
gel stiffness is then calculated based on the resultant bead displacement and the applied force.

According to the procedures of polyacrylamide gel preparation, the beads selected for optical 
trapping measurements were always close to the top surface of polyacrylamide gel. However, 
due to the polyacrylamide gel deformation during the polymerization process, it was challenging 

Figure 5. AFM microrheology measurements of the polyacrylamide gel. (a) A typical measurement of the sinusoidal 
force (“thick” curve) and indentation (“thin” curve) as functions of time. (b) Force as a function of indentation. The “thin” 
curve is obtained from the raw data in (a), and the smooth “thick” curve is from the sinusoidal fitting of the data in (a).
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from optical absorption of the trapped particle can change the surrounding medium viscosity 
[30]. The polyacrylamide gel stiffness has also been observed to change under localized laser 
illumination [31, 32]. Moreover, polyacrylamide gel mechanical integrity can also be changed 
[31] due to the nature of polyacrylamide gel swelling. In addition, the effective polyacrylamide 
gel property may be influenced due to the imperfect contact condition at the interface between 
bead and surrounding polyacrylamide gel. In our experiments, we noticed differences in data 
obtained in water and polyacrylamide gel, mainly in the slope of spring constant-power curve, 
shown in Figures 3(b), (d), and 4(b). Although we do not fully understand how the polyacryl-
amide gel has been changed by laser illumination, we observed the linear dependence of cor-
ner frequencies on optical power, because the spring constant-power data in polyacrylamide 
gel can be well fitted by linear functions. According to the repeatability of our optical trapping 
measurements of the polyacrylamide gel stiffness, we believe the laser-induced polyacryl-
amide gel changes are reversible. As a result, the capability of the inclined DFOTs to measure 
the intrinsic polyacrylamide gel stiffness will not be influenced by the laser induced polyacryl-
amide gel changes, since the measurement of the intrinsic polyacrylamide gel stiffness with 
the inclined DFOTs is determined by the intersect of the linear fitting curve on the vertical axis.

3.2.2. Experimental results measured by AFM

AFM based microrheology measurements [16, 17] were also used to characterize the local 
viscoelasticity of polyacrylamide gel. In this work, AFM was used to serve as a reference to 
verify the inclined DFOTs measurements. To ensure the statistical measurements, we char-
acterized the viscoelastic properties of polyacrylamide gel at 19 different locations around 
the bead of interest. The typical AFM force and indentation curves, shown in Figure 5(a), 
can be fitted by sinusoidal function to remove noise. Figure 5(b) plots the force as a function 
of indentation. Its raw data and the corresponding fitted data is shown as the blue and red 
curves, respectively. The hysteresis in Figure 5(b) indicates the viscoelasticity of polyacryl-
amide gel, which can be used to back out the elastic and viscous moduli. Following the 
analysis method in Ref. [16], the elastic and viscous moduli of the polyacrylamide gel can be 
calculated and obtained to be 1469.9 ± 555.9 Pa and 533.2 ± 243.4 Pa, respectively. The mean 
values and standard deviations of the moduli were determined by 19 independent measure-
ments. As a result, based on the viscous moduli of the polyacrylamide gel, we obtained its 
viscosity to be 8.5 ± 3.9 Pa ⋅ s.

3.2.3. Comparison of the inclined DFOTs and AFM results

In the experiments, the optical trapping experiments measure the effective spring constants 
(with a unit of N/m) on a silica bead, which is dependent on bead size, the bead location, 
and the elastic modulus of polyacrylamide gel. However, AFM measures the elastic modu-
lus (with a unit of Pa). To compare them, we used the commercial finite element analysis 
software (COMSOL) to calculate the spring constant on a bead embedded in the top surface 
of polyacrylamide gel using the elastic modulus measured from the AFM experiments. We 
then compared the spring constant obtained by the inclined DFOTs measurements with that 
calculated from COMSOL.
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We use the Kelvin-Voigt model to describe the viscoelasticity of polyacrylamide gel in the simula-
tion. By applying a 20 nN static body force applied parallel to the polyacrylamide gel surface, we 
obtain the displacement of a silica bead embedded in the polyacrylamide. The polyacrylamide 
gel stiffness is then calculated based on the resultant bead displacement and the applied force.

According to the procedures of polyacrylamide gel preparation, the beads selected for optical 
trapping measurements were always close to the top surface of polyacrylamide gel. However, 
due to the polyacrylamide gel deformation during the polymerization process, it was challenging 

Figure 5. AFM microrheology measurements of the polyacrylamide gel. (a) A typical measurement of the sinusoidal 
force (“thick” curve) and indentation (“thin” curve) as functions of time. (b) Force as a function of indentation. The “thin” 
curve is obtained from the raw data in (a), and the smooth “thick” curve is from the sinusoidal fitting of the data in (a).
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Figure 6. (a–c) COMSOL calculated the displacement field of a silica bead embedded in polyacrylamide gel when the 
bead depth is (a) 0, (b) −2 μm, and (c) −10 μm. The bead depth is defined to be 0 when the bead top surface is flush 
with the polyacrylamide gel top surface. The top and bottom figures are the side and top views, respectively. The total 
thickness of polyacrylamide gel used in the simulation is 50 μm. (d) Calculated dependence of the polyacrylamide gel 
stiffness on the bead depth based on simulation results. The three data points correspond to the results shown in (a–c), 
respectively. The inclined DFOTs measurements are also shown for comparison (two dashed lines). Inset: definition of 
bead depth.

Selected Topics on Optical Fiber Technologies and Applications166

to determine the precise position of the bead with respect to the polyacrylamide gel top surface. 
Therefore, it was important to investigate the influence of the polyacrylamide gel stiffness on the 
depth of the bead in the simulation. In the simulation, we obtain the polyacrylamide gel stiffness 
shown in Figure 6(a)–(c) to be 0.0154 N/m, 0.0177 N/m, and 0.0206 N/m, respectively. It is noted 
that the deeper the bead, the larger the stiffness. In addition, due to the weaker polyacrylamide 
gels surface effects, the rate of change of the stiffness is smaller with deeper bead positions. The 
polyacrylamide gel displacement field is not influenced much by the surface when the bead is 
far away from the polyacrylamide gel surface, as shown in Figure 6(c). When the bead is deeper 
than 10 μm from the surface, the stiffness variation becomes small, as shown in Figure 6(d).

According to the simulation results shown in Figure 6(d), we can see that the optical trap-
ping measurement of polyacrylamide gel stiffness agrees with the simulation results based 
on AFM measurements when the bead top surface is in the range from −1 to 2 μm above 
the polyacrylamide gel surface. This proves that the inclined DFOTs can be a reliable tool to 
realize in-situ, non-invasive characterization of local material properties and forces in a 3D 
medium. In addition, since the spring constant of optical trapping is dependent on the opti-
cal restoring force applied on the embedded bead, we can vary the spring constant by tuning 
optical power. It demonstrates the capability of the inclined DFOTs to apply tunable forces in 
3D compartments.

The ability of simultaneously applying and measuring forces enables the inclined DFOTs to 
be a potential tool for cell mechanics study in 3D compartments. The spring constant mea-
surements bestows upon the inclined DFOTs capable of directly measuring forces on the bead 
if the displacement is monitored.

4. Conclusion

In this chapter, we show the inclined dual fiber optical tweezers (DFOTs) can be used for simul-
taneous applications and measurements of optical forces on particles in water and those in 
a 3D polyacrylamide gel compartment. Moreover, we demonstrate in-situ characterization of 
the polyacrylamide gel stiffness by the optical trapping measurements. The measured poly-
acrylamide gel stiffness agrees with finite element method (FEM) simulation results based on 
experimental AFM measurements. Since the optical trapping measurements do not require 
the medium to be mechanically homogeneous and linear, the inclined DFOTs can measure 
the mechanical properties of materials that are heterogeneous and nonlinear. The ability of 
simultaneous applying and measuring optical forces in a 3D compartment enables the inclined 
DFOTs to be a versatile tool that can be potentially useful for biomechanics and mechanobiol-
ogy study.
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1. Introduction

Optical fiber nonlinearity is the main factor limiting the transmission distance of coherent
optical communications in many cases [1–3]. This is an especially critical issue for low disper-
sion fiber case, since the waveforms stay in the original shape for a longer time and the
nonlinearity effect is enhanced. In addition, in the dense wavelength multiplex division
(DWDM) systems, multiple wavelength travels nearly at the same speed, so there is less
opportunity of averaging out the nonlinear effects. Typical examples are legacy submarine
cable systems [4].

At the same time, more service providers prefer flexible networks where adaptive transceivers
can operate multiple data rates, modulation formats, and forward error correction (FEC) over-
heads for the efficient use of network capacity [5–8]. For example, it has been shown that the
mean loss in throughput per transceiver is nearly proportional to the granularity of the data
rate [8]. In order to accommodate a wide range of channel conditions, many modulation
formats with various spectral efficiencies have been studied extensively [1, 9–17].

In order to mitigate or minimize the penalty from the nonlinear effects, efforts have been made
to optimize the modulation formats, which are intrinsically tolerant to optical fiber
nonlinearity [4, 18–20]. In other words, the modulation format is constructed such that they
are less susceptible to fiber nonlinearity. In Section 2, we discuss the so-called X-constellation,
which is an eight-dimensional (8D) code and has higher nonlinearity tolerance than dual-
polarization (DP)-binary phase shift keying (BPSK) format of the same spectral efficiency of
2 bits/4D symbol. This significantly reduces cross polarization modulation (XPolM) and increases
the transmission distance. Note that we use bits/4D symbol as a unit of spectral efficiency
throughout this chapter.

Another method for reducing the fiber nonlinearity is 4D constant modulus modulation. The
power of combined x- and y-polarization is constant at each time slot. This very effectively
suppresses self-phase modulation (SPM) and cross-phase modulation (CPM). We discuss two
earlier 4D constant modulus modulation formats [19, 20] in Section 3. More recently proposed
4D-2A8PSK is another example of the 4D constant modulus modulation. It has been widely
recognized that DP-Star-8QAM for 6 bits/symbol does not perform very well, and many
formats have been investigated [21–25] for this spectral efficiency. In particular, 4D-2A8PSK
with the spectral efficiency of 6 bits/symbol has been shown to have superior linear and
nonlinear performance than many other formats, because of its large Euclidean distance,
4D constant modulus characteristics (i.e., constant power in each time slot), and Gray labeling
[26–28]. By relating this to the block coding approach described in the context of high-
dimensional modulation [14], 5, 6, and 7 bits/symbol modulation formats were described as
a family of block-coded 4D-2A8PSK in a unified form in [29, 30]. In Section 4, we first
describe the 4D-2A8PSK modulation format family for 5–7 bits/symbol spectral efficien-
cies. Transmission simulations in a nonlinear dispersion-managed (DM) link, as well as a
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dispersion-uncompensated link are performed, so that this proposed family of modulation
formats can be confirmed to exhibit excellent linear and nonlinear transmission performances.
An analysis on separated nonlinear components demonstrate that reduction of self-phase
modulation (SPM) and cross-phase modulation (XPM) are the main causes of the improve-
ment by the 4D constant modulus formats. We then review some items relevant to practical
implementations in a digital signal processor (DSP), which need careful consideration since the
constellation of the 2A8PSK family is different from that of the widely used QAM-based
formats. Experimental verification, extension to TDH to seamlessly cover 4–8 bits/symbol
spectral efficiency, as well as the combination of Grassmann code and 4D-2A8PSK for the
spectral efficiency of 3.5 bits/symbol, will also be reviewed.

2. X-constellation

For coherent optical communications, block codes with 8–24 dimensions have been proposed
to achieve coding gain compared to the conventional 2D modulation formats [14, 31–35]. For
example, using eight bit block code (four information bits and four parity bits) achieved almost
3 dB asymptotic gain. However, they are not specifically designed for nonlinearity-tolerant
modulation. Shiner et al. [4] used the 8D code to achieve the coding gain and also arranged the
code such that the degree of polarization (DOP) over a symbol (two time slots) becomes zero,
as shown in Table 1. This significantly reduces the impact of polarization change toward other
channels, as well as receiving polarization effect from other channels. The authors call this
modulation format “X-constellation,” since the constellation of Slot-A and Slot-B are cross-
polarized.

The authors conducted a transmission experiment using 5000 km of dispersion-managed high
density wavelength division multiplexing (WDM) link and compared the Q-factor of DP-BPSK
and X-constellation. Figure 1 shows that X-constellation showed 2 dB improvement in the
Q-factor demonstrating the benefit of the X-constellation.

Table 1. The optical field Jones vectors for the two consecutive time slots (Slot-A and Slot-B) that define the
eight-dimensional X-constellation symbols, and their corresponding binary symbol labels [4].
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1. Introduction
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cies. Transmission simulations in a nonlinear dispersion-managed (DM) link, as well as a
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ment by the 4D constant modulus formats. We then review some items relevant to practical
implementations in a digital signal processor (DSP), which need careful consideration since the
constellation of the 2A8PSK family is different from that of the widely used QAM-based
formats. Experimental verification, extension to TDH to seamlessly cover 4–8 bits/symbol
spectral efficiency, as well as the combination of Grassmann code and 4D-2A8PSK for the
spectral efficiency of 3.5 bits/symbol, will also be reviewed.

2. X-constellation

For coherent optical communications, block codes with 8–24 dimensions have been proposed
to achieve coding gain compared to the conventional 2D modulation formats [14, 31–35]. For
example, using eight bit block code (four information bits and four parity bits) achieved almost
3 dB asymptotic gain. However, they are not specifically designed for nonlinearity-tolerant
modulation. Shiner et al. [4] used the 8D code to achieve the coding gain and also arranged the
code such that the degree of polarization (DOP) over a symbol (two time slots) becomes zero,
as shown in Table 1. This significantly reduces the impact of polarization change toward other
channels, as well as receiving polarization effect from other channels. The authors call this
modulation format “X-constellation,” since the constellation of Slot-A and Slot-B are cross-
polarized.

The authors conducted a transmission experiment using 5000 km of dispersion-managed high
density wavelength division multiplexing (WDM) link and compared the Q-factor of DP-BPSK
and X-constellation. Figure 1 shows that X-constellation showed 2 dB improvement in the
Q-factor demonstrating the benefit of the X-constellation.

Table 1. The optical field Jones vectors for the two consecutive time slots (Slot-A and Slot-B) that define the
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3. 4D constant modulus formats

DP-QPSK is a very robust modulation format for nonlinear transmission, and one of the main
reasons is that it is 2D constant modulus, in that the power for each polarization is constant. 2D
constant modulus property can also be achieved in DP-8PSK, DP-16PSK, etc.; however, their
Euclidean distance is smaller than that of DP-Star-8PSK and DP-16QAM, and overall trans-
mission characteristics are not as good. Instead, 4D constant modulus modulation formats (i.e.,
power of the combined X- and Y-polarizations is constant) were proposed. One of the 4D
constant modulus format is 8PolSK-QPSK [19], in which eight polarization states in the Stokes
space representation carry four different absolute phases, as shown in Figure 2. This gives 32
code words or 5 bits/symbol spectral efficiency. Compared to DP-Star-8QAM, 8PolSK-QPSK
showed significantly reduced SPM and XPM.

Another example of 4D constant modulus format is POL-QAM 6–4, where six polarization
states carry four different absolute phases [20]. This gives 24 code words.

In the next section, we review a family of 4D-2A8PSK modulation formats, which are also 4D
constant modulus formats, covering multiple spectral efficiencies and having large coding
gain.

Figure 1. The measured Q-factor for DP-BPSK (circle) and X-constellation (triangle) following 5000 km of high density
WDM propagation [4].
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4. 4D-2A8PSK

4.1. Generalized mutual information (GMI)

As a first step, we give an overview of a metric in order to compare the modulation formats
under the most relevant condition. Pre-FEC bit error ratio (BER) has traditionally been used to
predict post-FEC BER performance of hard decision (HD) FEC systems. However, pre-FEC
BER is not directly applicable to modern long distance fiber-optic communications using soft
decision (SD) FEC based on bit-interleaved coded modulation (BICM). As an alternative
performance metric more suitable for SD-FEC systems, the BICM limit, called generalized
mutual information (GMI), was introduced to the optical communications research commu-
nity for comparing different modulation formats [36, 37]. This metric has been used to com-
pare several modulation formats [23, 38]. The normalized GMI (i.e., GMI per bit) can be
described from the log-likelihood ratio (LLR) outputs of the demodulator at the receiver as
follows [39–41]:

I ¼ 1� EL,b log 2 1þ exp �1ð Þbþ1L
� �� �h i

, (1)

where b, L, and E �½ � denote the transmitted bit b∈ 0; 1f g, the corresponding LLR, and an
expectation (i.e., ensemble average over all LLR outputs L and transmitted bits b), respectively.
We define “normalized” GMI as the mutual information per modulation (information) bit, not
per modulation symbol. The normalized GMI can therefore set the upper limit of the possible
code rate of SD-FEC coding for BICM systems. Therefore, multiplying the normalized GMI
with the number of bits per symbol is equivalent to the achievable throughput per symbol.

Figure 2. 8PolSK-QPSK modulation format [19]. (a) Star-8QAM format. In DP-8QAM, the two polarizations can both
independently be at amplitude a or b. For 8PolSK-QPSK format, that independence is removed. (b) Stokes space
representation of the 8PolSK-QPSK with added noise giving 16 dB of SNR.
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The relationship between Q-factor calculated from pre-FEC BER and normalized GMI of four
different modulation formats (DP-QPSK, D P-Star-8QAM, 6b4D-2A8PSK, and DP-16QAM) is
shown in Figure 3. We will give a detailed explanation of the 6b4D-2A8PSK modulation
format in Section 4.4. Here, the Q-factor is defined by

Q2
BER ¼ 2 � erfc�1 2 � BERð Þ� �2

, (2)

which is a classical measure to calculate the required signal-to-noise ratio (SNR) to achieve the

BER for binary-input additive white Gaussian noise (AWGN) channels. Here, erfc�1 �ð Þ is an
inverse complementary error function. Figure 3 shows that the same pre-FEC BER (Q-factor)
does not necessarily give the same BICM limit among various formats, especially at lower code
rate regions. When the normalized GMI is 0.85, the Q-factor lies between 4.77 (BER = 4.16 �
10�2) and 4.86 dB (BER = 4.01 � 10�2), corresponding to the typical Q2

BER threshold of the state-
of-the-art SD-FEC having a code rate of 0.8 [42, 43]. Accordingly, we will use 0.85 as the target
of the normalized GMI throughout this chapter.

4.2. Generic 2A8PSK

The generic constellation of 4D-2A8PSK [26–29] is shown in Figure 4. It is similar to 8PSK, with
two different amplitudes represented by the radii, r1 and r2 (suppose r1 ≤ r2 without loss of
generality). By combining the two polarizations (i.e., 4D space), 28 = 256 combinations (i.e.,
8 bits per 4D symbol) are possible. With a condition that X- and Y-polarizations have compli-
mentary radius, that is, if r1 is used for X-polarization, then r2 needs to be chosen for
Y-polarization, and vice versa; we generate set-partitioned (SP) 4D codes achieving the prop-
erty of 4D constant modulus, which leads to excellent nonlinear transmission performances.
We define r1=r2 ⩽ 1ð Þ as a ring ratio. When the ring ratio is equal to 1, the modulation format is
reduced to regular DP-8PSK.

Figure 3. Q-factor calculated from pre-FEC BER vs. normalized GMI for four modulation formats [30].
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The mapping rule of 4D-2A8PSK is also included in Figure 4 [44]. Let B 0½ �,…, B 7½ � express eight
modulation bits, and B 0½ �–B 2½ � and B 3½ �–B 5½ � denote the Gray-mapped 8PSK at X- and Y-
polarizations, respectively. Whereas, B 6½ � and B 7½ � are used to express the amplitude in each
polarization. By selecting the optimum 32, 64, and 128 point constellations out of 256 combina-
tions, we can construct 32SP-, 64SP-, and 128SP-2A8PSK, for the spectral efficiency of 5, 6, and 7
bits/symbol, respectively. We also call these 5b4D-, 6b4D-, and 7b4D-2A8PSK for convenience.

4.3. 5b4D-2A8PSK

For the spectral efficiency of 5 bits/symbol, 32SP-2A8PSK (5b4D-2A8PSK) can be expressed by
a linear code, with five information bits B 0½ �–B 4½ �, and three parity bits B 5½ �–B 7½ �. Since B 5½ � and
B 6½ � can independently be represented as the linear combination of the five information bits,
210 = 1024 is the total number of possible linear codes to be designed. We chose the combina-
tion, which gives the least required SNR for the target GMI of 0.85, through Monte-Carlo
simulations in AWGN.

In order to maintain a 4D constant modulus property, for each code word, the X-polarization ring
size is always complementary to the Y-polarization ring size. Negating another parity bit B 6½ � for
B 7½ � achieves this. As a whole, the parity-check equations for 5b4D-2A8PSK can be described as:

B 5½ � ¼ B 0½ �⊕B 1½ �⊕B 2½ �, (3)

B 6½ � ¼ B 2½ �⊕B 3½ �⊕B 4½ �, (4)

B 7½ � ¼ B 6½ �, (5)

where ⊕ and �½ � denote the modulo-2 addition and negation, respectively.

4.4. 6b4D-2A8PSK

In 64SP-2A8PSK (6b4D-2A8PSK), which has 6 bits/symbol spectral efficiency, B 6½ � is a parity bit
of single-parity-check code protecting all the information bits, and can be expressed as an
exclusive-or (XOR) of all the information bits B 0½ �–B 5½ �. Another parity bit B 7½ � is the negation
of B 6½ � as used in 5b4D-2A8PSK. The optimum code for the target GMI of 0.85 is

Figure 4. Constellation and bit-to-symbol mapping of 2A8PSK [30].
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The mapping rule of 4D-2A8PSK is also included in Figure 4 [44]. Let B 0½ �,…, B 7½ � express eight
modulation bits, and B 0½ �–B 2½ � and B 3½ �–B 5½ � denote the Gray-mapped 8PSK at X- and Y-
polarizations, respectively. Whereas, B 6½ � and B 7½ � are used to express the amplitude in each
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tions, we can construct 32SP-, 64SP-, and 128SP-2A8PSK, for the spectral efficiency of 5, 6, and 7
bits/symbol, respectively. We also call these 5b4D-, 6b4D-, and 7b4D-2A8PSK for convenience.

4.3. 5b4D-2A8PSK

For the spectral efficiency of 5 bits/symbol, 32SP-2A8PSK (5b4D-2A8PSK) can be expressed by
a linear code, with five information bits B 0½ �–B 4½ �, and three parity bits B 5½ �–B 7½ �. Since B 5½ � and
B 6½ � can independently be represented as the linear combination of the five information bits,
210 = 1024 is the total number of possible linear codes to be designed. We chose the combina-
tion, which gives the least required SNR for the target GMI of 0.85, through Monte-Carlo
simulations in AWGN.

In order to maintain a 4D constant modulus property, for each code word, the X-polarization ring
size is always complementary to the Y-polarization ring size. Negating another parity bit B 6½ � for
B 7½ � achieves this. As a whole, the parity-check equations for 5b4D-2A8PSK can be described as:
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of single-parity-check code protecting all the information bits, and can be expressed as an
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B 6½ � ¼ B 0½ �⊕B 1½ �⊕B 2½ �⊕B 3½ �⊕B 4½ �⊕B 5½ �, (6)

B 7½ � ¼ B 6½ �: (7)

4.5. 7b4D-2A8PSK

For the spectral efficiency of 7 bits/symbol, 128SP-2A8PSK (7b4D-2A8PSK) can be constructed
simply as follows. In this code, B 0½ �–B 6½ � are the information bits while there is only one parity
bit at B 7½ �. In order to realize 4D constant modulus format, just like 5b4D- and 6b4D-2A8PSK,
we can express the single parity bit B 7½ � as:

B 7½ � ¼ B 6½ �: (8)

4.6. Other modulation formats for comparison

In order to evaluate the performance of 5b4D-2A8PSK, we consider three other modulation
formats having 5 bits/symbol spectral efficiency, that is, 8PolSK-QPSK [19], 32SP-16QAM [11],
and time-domain hybrid (TDH) modulation. 8PolSK-QPSK [19] was briefly explained in Sec-
tion 3. 32SP-16QAM is a 4D set-partitioned modulation format derived from DP-16QAM. To
generate 32 code words, the parity rule shown in [11] is used. TDH modulation using a 1:1
mixture of DP-QPSK and 6b4D-2A8PSK to achieve an average of 5 bits/symbol spectral
efficiency is also included.

For comparison with 6b4D-2A8PSK, three other modulation formats of 6 bits/symbol spectral
efficiency were evaluated; specifically, DP-8PSK, DP-Star-8QAM, and DP-Circular-8QAM [23].
DP-8PSK and DP-Star-8QAM are conventional modulation formats. DP-Circular-8QAM has
one center point and seven circular constellation points, and has larger Euclidean distance than
DP-8PSK [23].

To compare with 7b4D-2A8PSK, two modulation formats of 7 bits/symbol spectral efficiency
are evaluated. 128SP-16QAM is a 4Dmodulation format based on DP-16QAM, where 128 code
words are generated using the parity rule described in [11]. We also included TDHmodulation
using 1:1 mixture of 6b4D-2A8PSK and DP-16QAM. Furthermore, we included DP-16QAM;
however, to compare for the same data rate, we used the Baud rate of (7/8) � 34 GBd.

4.7. Nonlinear transmission simulations

4.7.1. Simulation procedure

Nonlinear transmission simulations are conducted over a 2000 km DM link at a rate of 34 GBd
per channel to evaluate the effect of modulation format on high fiber nonlinearity. At the
transmitter, pulses were filtered by a root-raised-cosine (RRC) filter with a roll-off factor of
10%. Eleven DWDM channels of the same modulation format were combined with 37.5 GHz
spacing without using any optical filtering. The link consists of 25 spans of 80 km nonzero
dispersion shifted fiber (NZDSF) in which loss is compensated by Erbium-doped fiber ampli-
fiers (EDFAs). The performance of each modulation format can be quantified by a span loss
budget, which is defined as [45]
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Span Loss Budget ¼ 58þ P� ROSNR
�10 log 10 Nð Þ �NF,

(9)

where P is the launch power per channel expressed in dBm, ROSNR is the required OSNR to
achieve the target GMI in dB, N is the number of spans, and NF is the noise figure of the
EDFAs in dB.

The parameters for NZDSF were γ ¼ 1:6 /W/km, D ¼ 3:9 ps/nm/km, and α ¼ 0:2 dB/km.
Other fiber effects such as polarization mode dispersion (PMD) and dispersion slope were not
included. At the end of each span, 90% of the chromatic dispersion was compensated as a
lumped linear dispersion compensator. Dispersion pre-compensation was applied at the trans-
mitter side using 50% of the residual dispersion of the full link. The rest of the dispersion is
compensated just before the receiver.

An ideal homodyne coherent receiver was used, with an RRC filter with a roll-off factor of
10%, followed by sampling at twice the symbol rate. For adaptive equalization, we used a
time-domain data-aided least-mean-square equalizer utilizing the transmitted data directly as
the training sequences for simplicity. A discussion on a more realistic equalizer will be given in
Section 4.9. We did not use carrier phase estimation (CPE) in Sections 4.7 and 4.8.

All the optical noise due to the EDFAs are loaded just before the receiver. The calculated
required OSNR at the target GMI is used to obtain the span loss budget as in (9). We used an
EDFA noise figure of 5 dB to calculate the span loss budget.

4.7.2. 5 bits/symbol modulation formats

Four 5 bit/symbol formats are compared as shown in Figure 5. In this case, we use the ring
ratio of r1=r2 ¼ 0:61, optimal for 5b4D-2A8PSK for maximizing the span loss budget. Note that

Figure 5. Span loss budget of four 5 bits/symbol modulation formats as a function of launch power for the DM link [30].
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we can express the single parity bit B 7½ � as:

B 7½ � ¼ B 6½ �: (8)

4.6. Other modulation formats for comparison
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and time-domain hybrid (TDH) modulation. 8PolSK-QPSK [19] was briefly explained in Sec-
tion 3. 32SP-16QAM is a 4D set-partitioned modulation format derived from DP-16QAM. To
generate 32 code words, the parity rule shown in [11] is used. TDH modulation using a 1:1
mixture of DP-QPSK and 6b4D-2A8PSK to achieve an average of 5 bits/symbol spectral
efficiency is also included.
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efficiency were evaluated; specifically, DP-8PSK, DP-Star-8QAM, and DP-Circular-8QAM [23].
DP-8PSK and DP-Star-8QAM are conventional modulation formats. DP-Circular-8QAM has
one center point and seven circular constellation points, and has larger Euclidean distance than
DP-8PSK [23].

To compare with 7b4D-2A8PSK, two modulation formats of 7 bits/symbol spectral efficiency
are evaluated. 128SP-16QAM is a 4Dmodulation format based on DP-16QAM, where 128 code
words are generated using the parity rule described in [11]. We also included TDHmodulation
using 1:1 mixture of 6b4D-2A8PSK and DP-16QAM. Furthermore, we included DP-16QAM;
however, to compare for the same data rate, we used the Baud rate of (7/8) � 34 GBd.

4.7. Nonlinear transmission simulations

4.7.1. Simulation procedure

Nonlinear transmission simulations are conducted over a 2000 km DM link at a rate of 34 GBd
per channel to evaluate the effect of modulation format on high fiber nonlinearity. At the
transmitter, pulses were filtered by a root-raised-cosine (RRC) filter with a roll-off factor of
10%. Eleven DWDM channels of the same modulation format were combined with 37.5 GHz
spacing without using any optical filtering. The link consists of 25 spans of 80 km nonzero
dispersion shifted fiber (NZDSF) in which loss is compensated by Erbium-doped fiber ampli-
fiers (EDFAs). The performance of each modulation format can be quantified by a span loss
budget, which is defined as [45]
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Span Loss Budget ¼ 58þ P� ROSNR
�10 log 10 Nð Þ �NF,

(9)

where P is the launch power per channel expressed in dBm, ROSNR is the required OSNR to
achieve the target GMI in dB, N is the number of spans, and NF is the noise figure of the
EDFAs in dB.

The parameters for NZDSF were γ ¼ 1:6 /W/km, D ¼ 3:9 ps/nm/km, and α ¼ 0:2 dB/km.
Other fiber effects such as polarization mode dispersion (PMD) and dispersion slope were not
included. At the end of each span, 90% of the chromatic dispersion was compensated as a
lumped linear dispersion compensator. Dispersion pre-compensation was applied at the trans-
mitter side using 50% of the residual dispersion of the full link. The rest of the dispersion is
compensated just before the receiver.

An ideal homodyne coherent receiver was used, with an RRC filter with a roll-off factor of
10%, followed by sampling at twice the symbol rate. For adaptive equalization, we used a
time-domain data-aided least-mean-square equalizer utilizing the transmitted data directly as
the training sequences for simplicity. A discussion on a more realistic equalizer will be given in
Section 4.9. We did not use carrier phase estimation (CPE) in Sections 4.7 and 4.8.

All the optical noise due to the EDFAs are loaded just before the receiver. The calculated
required OSNR at the target GMI is used to obtain the span loss budget as in (9). We used an
EDFA noise figure of 5 dB to calculate the span loss budget.

4.7.2. 5 bits/symbol modulation formats

Four 5 bit/symbol formats are compared as shown in Figure 5. In this case, we use the ring
ratio of r1=r2 ¼ 0:61, optimal for 5b4D-2A8PSK for maximizing the span loss budget. Note that

Figure 5. Span loss budget of four 5 bits/symbol modulation formats as a function of launch power for the DM link [30].
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ring ratio is not a sensitive parameter, and in fact between 0.56 and 0.66, the peak span loss
budget changed only by 0.03 dB.

As the launch power increases, the span loss budget for 32SP-16QAM decreases fast, because
of large power variations at each time slot. On the other hand, 8PolSK-QPSK [19] has 0.65 dB
worse OSNR for the linear case, while the saturation characteristics are very similar to 5b4D-
2A8PSK due to constant power. TDH modulation with a 1:1 mixture of DP-QPSK and 6b4D-
2A8PSK has 4D constant modulus property at each time slot. However, we used an optimized
power allocation for TDH modulation (i.e., 6b4D-2A8PSK has 2.7 dB higher power than DP-
QPSK), and there is a power variation between time slots generating some penalty due to the
nonlinearity.

Overall, 5b4D-2A8PSK has the higher maximum span loss budget by 0.5 dB over the TDH
modulation, by 0.9 dB over 8PolSK-QPSK, and by 1.8 dB over 32SP-16QAM.

4.7.3. 6 bits/symbol modulation formats

Four 6 bits/symbol modulation formats are compared as in Figure 6. The optimal ring ratio is
r1=r2 ¼ 0:65 for 6b4D-2A8PSK for maximum span loss budget. The maximum span loss bud-
get for 6b4D-2A8PSK is shown to be higher than DP-Circular-8QAM, DP-8PSK, and DP-Star-
8QAM by 0.6, 0.5, and 1.6 dB, respectively.

4.7.4. 7 bits/symbol modulation formats

Figure 7 shows performance comparison among three 7 bit/symbol formats at 34 GBd and
DP-16QAM of the same data rate (7=8� 34 GBd). Here, the ring ratio of r1=r2 ¼ 0:59 is chosen
for 7b4D-2A8PSK to maximize the span loss budget. Here, TDHmodulation uses a 1:1 mixture
of 6b4D-2A8PSK and 128SP-QAM, whose optimized power ratio was 0.1 dB. We can see that
7b4D-2A8PSK outperformed THD modulation, 128SP-16QAM, and 7=8ð Þ � 34 GBd DP-
16QAM by 0.7, 1.4, and 2.2 dB, respectively.

Figure 6. Span loss budget of four 6 bits/symbol modulation formats for the DM link [30].
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4.7.5. Summary for the dispersion managed link results

The peak span loss budget for the DM link is summarized in Figure 8. The circles connected by
the dashed lines include DP-QPSK, 5b4D-, 6b4D-, 7b4D-2A8PSK, and DP-16QAM, all at 34
GBd. Squares are taken from TDH modulation formats, and triangles are from other (conven-
tional) modulation formats in Figures 5–7. This shows that the 4D-2A8PSK family fills the gap
between DP-QPSK and DP-16QAM almost linearly (in the dB scale), and each one offers a
good improvement from the conventional modulation formats at the same spectral efficiency.

Figure 7. Span loss budget of three 7 bits/symbol modulation formats at 34 GBd and DP-16QAM with the same data rate
(7=8� 34 GBd) as a function of launch power for the DM link [30].

Figure 8. Peak span loss budget for the 2000 km dispersion managed link. Circles connected with blue dotted lines are for
the three 4D-2A8PSK formats, DP-QPSK, and DP-16QAM. Green squares are for TDH modulation formats, and red
triangles are for other modulation formats appeared in Figures 5–7 [30].
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16QAM by 0.7, 1.4, and 2.2 dB, respectively.
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4.7.5. Summary for the dispersion managed link results

The peak span loss budget for the DM link is summarized in Figure 8. The circles connected by
the dashed lines include DP-QPSK, 5b4D-, 6b4D-, 7b4D-2A8PSK, and DP-16QAM, all at 34
GBd. Squares are taken from TDH modulation formats, and triangles are from other (conven-
tional) modulation formats in Figures 5–7. This shows that the 4D-2A8PSK family fills the gap
between DP-QPSK and DP-16QAM almost linearly (in the dB scale), and each one offers a
good improvement from the conventional modulation formats at the same spectral efficiency.

Figure 7. Span loss budget of three 7 bits/symbol modulation formats at 34 GBd and DP-16QAM with the same data rate
(7=8� 34 GBd) as a function of launch power for the DM link [30].

Figure 8. Peak span loss budget for the 2000 km dispersion managed link. Circles connected with blue dotted lines are for
the three 4D-2A8PSK formats, DP-QPSK, and DP-16QAM. Green squares are for TDH modulation formats, and red
triangles are for other modulation formats appeared in Figures 5–7 [30].
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4.7.6. 5 bits/symbol under dispersion uncompensated link

For evaluating the transmission characteristics of various modulation formats under a reduced
nonlinearity situation, representing terrestrial cases, we also simulated the link with 50 spans
of 80 km standard single-mode fiber (SSMF) without inline dispersion compensation or dis-
persion pre-compensation. SSMF parameters are γ ¼ 1:2 /W/km, D ¼ 17 ps/nm/km, α ¼ 0:2
dB/km. We used the same 0.85 as the target GMI. The span loss budget of the four modulation
formats for the spectral efficiency of 5 bits/symbol are shown in Figure 9, as an example. The
overall differences among the modulation formats are smaller than the case of DM-NZDSF
link. 5b4D-2A8PSK shows the highest performance with the peak span loss budget
outperforming those of TDH of DP-QPSK and 6b4D-2A8PSK, 8PolSK, and 32SP-8QAM by
0.2, 1.0, and 0.8 dB, respectively. TDH and 32SP-16QAM in the dispersion uncompensated link
case did not suffer as much as they did in the DM case. The reason is the weaker nonlinear
distortion in the uncompensated SSMF links compared to DM-NZDSF links.

4.8. Separated nonlinearity

For better understanding, the reason of the outperformance of 4D constant modulus modula-
tion, additional simulations are conducted with separated nonlinear components, using the
method proposed in [46]. With this method, the nonlinear transmission performance with
nonlinear effects of SPM, XPM, and XPolM can be evaluated individually.

Figure 10 shows the simulated Q-factor as a function of OSNR for 6b4D-2A8PSK and DP-Star-
8QAM in the DM link, where the simulation parameters are kept the same as in Section 4.7.1.
Here, we use the recently proposed Q-factor definition based on GMI and not on pre-FEC BER
as follows [44]:

Figure 9. Span loss budget of four 5 bits/symbol modulation formats as a function of launch power for the dispersion
unmanaged link [30].
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Q2
GMI ¼ 0:5 � J�1 GMIð Þ� �2

, (10)

where J�1 �ð Þ is the inverse J function, widely used in extrinsic information transfer chart
analysis [39]. The inverse J function is well approximated by

J�1 Ið Þ≃ a1I2 þ b1I þ c1
ffiffi
I

p
, 0 ≤ I ≤ I∗,

�a2ln b2 1� Ið Þ½ � � c2I, I∗ ≤ I ≤ 1,

(

I∗ ¼ 0:3646,
a1 ¼ 1:09542, b1 ¼ 0:214217, c1 ¼ 2:33727,
a2 ¼ 0:706692, b2 ¼ 0:386013, c2 ¼ �1:75017:

(11)

The Q-factor defines the above based on GMI in Eq. (10) is a generalized extension from the
conventional Q-factor based on BER in (2). With this new Q-factor, the effective SNR to achieve
same post-FEC BER performance with SD-FEC systems can be evaluated. Even though both
definitions provide identical Q performance in binary-input AWGN channels, the generalized
Q-factor can predict SNR gain more accurately than the conventional BER-based Q-factor for
BICM systems using SD-FEC coding and/or high-order high-dimensional modulation.

The curves marked with “AWGN” in Figure 10 indicate the case in which the nonlinear effects
are fully ignored, and the curves depicted with “SPM,” “XPM,” and “XPolM” show that these
nonlinear components are individually added. The curve with “SPM + XPM + XPolM” shows
the situation when all of these nonlinear effects are taken into account. The launch power is set
to be �4 dBm, giving the peak span loss budget for DP-Star-8QAM. At this launch power,
OSNR of 15.2 dB gives a normalized GMI of 0.85.

Figure 11 is a re-plot of the simulated Q versus separated nonlinear effects when the OSNR is
15.2 dB. Q under the linear condition (AWGN) for 6b4D-2A8PSK is higher than DP-Star-
8QAM by 0.4 dB. The contributions from SPM and XPM in 6b4D-2A8PSK are much smaller

Figure 10. Generalized Q-factor as a function of OSNR with separated nonlinear effects at a launch power of 4 dBm [30].
(a) 6b4D-2A8PSK (b) DP-Star-8QAM (Curves for XPM and XPolM overlapping).
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method proposed in [46]. With this method, the nonlinear transmission performance with
nonlinear effects of SPM, XPM, and XPolM can be evaluated individually.
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Q-factor can predict SNR gain more accurately than the conventional BER-based Q-factor for
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nonlinear components are individually added. The curve with “SPM + XPM + XPolM” shows
the situation when all of these nonlinear effects are taken into account. The launch power is set
to be �4 dBm, giving the peak span loss budget for DP-Star-8QAM. At this launch power,
OSNR of 15.2 dB gives a normalized GMI of 0.85.
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than those in DP-Star-8QAM. This confirms that 4D-2A8PSK family can be robust against XPM
and SPM nonlinearity. However, the contribution of XPolM is similar in 6b4D-2A8PSK and DP-
Star-8QAM. This is due to the fact that individual polarization power in 6b4D-2A8PSK fluctu-
ates over symbol time even though the combined power of both polarizations is constant. This
is consistent with a report in which another 4D constant modulus modulation format 8PolSK
shows a significant reduction in SPM and XPM, but not necessarily in XPolM [19].

4.9. DSP algorithm

4.9.1. Adaptive equalizer

To understand the fundamental benefit of the 4D-2A8PSK family, we used an idealized data-
directed least-mean-square equalizer up to this point. In this section, we address the performance
impact when more realistic equalizers [47, 48] are used, considering practical implementations
into account.

We first consider a conventional radius-directed equalizer (RDE) [48] for 6b4D-2A8PSK, where
the decision on the ring radii is performed at each polarization separately. In this case, we
observe 0.12 and 0.10 dB degradation in the span loss budget, in comparison to the idealized
least-mean-square equalizer at a launch power of �10 and �4 dBm, respectively.

We then take advantage of the 4D constant modulus property, by using the relative power of
two polarizations for soft decision of the ring radii. For soft decision information, we use a
heuristic sigmoid function S xð Þ ¼ 1= 1þ e�x=a

� �
, where a is a softness parameter, and x is a

relative power of two polarizations. In this manner, we can compensate for the degradation by
0.07 dB from the conventional RDE. The overall degradation due to the realistic adaptive
equalizer compared to the ideal one is no worse than 0.05 dB.

Figure 11. Generalized Q-factor for 6b4D-2A8PSK and DP-Star-8QAM with separated nonlinear effects at a launch
power of �4 dBm and OSNR of 15.2 dBm [30].
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4.9.2. LLR computation

For SD-FEC, it is necessary to calculate log-likelihood ratio (LLR) with moderate circuit com-
plexity. A fast-decoding algorithm and LLR computation for high-order set-partitioned 4D–
QAM formats [49] is now extended to 6b4D-2A8PSK to use two lookup tables [44]. The
schematic of the soft-demapping circuit is shown in Figure 12, and also used the asymmetry
between the radial and the axial LLR and the offline processing of the experimental data
showed only a small power penalty [44]. It also used the LLR calculation method robust
against residual phase noise [50].

4.10. Experiment

We have also conducted a transmission experiment comparing 6b4D-2A8PSK and DP-Star-
8QAM [44]. The signals were either 6b4D-2A8PSK or DP-Star-8QAM modulated at 32 GBd
and filtered with a root-raised cosine filter with a roll-off factor of 0.15. Seventy channels were
spaced at 50 GHz spacing. The transmission line was 1260 km, having an average span length
of 70 km. Chromatic dispersion was managed inline by the mixture of nonzero dispersion
shifted fiber (NZDSF) having negative local CD of �3 ps/nm and standard single-mode fiber
(SSMF). In the receiver side, the signal stored by 64 GS/s analog-to-digital converters (ADCs)
was processed offline, which included CD compensation, adaptive equalization with constant
modulus algorithm for initial convergence, and radius directed equalization afterward, carrier
recovery (CR) with multipilot algorithm [47] having an window size of 63, pilot-aided phase-
slip recovery, and the proposed soft-demapping as described in Section 4–9.

Figures 13 and 14 show the experimental results, Figure 14(a) is Q from GMI as a function of
launched power. In the case of ideal soft-demapping (only 16 level quantization for SD-FEC
decoding was applied), we observed 0.6 dB improvement at maximum Q by 4D-2A8PSK
compared to DP-Star-8QAM. The proposed technique had performance degradation of 0.15
and 0.06 dB for 4D-2A8PSK and DP-Star-8QAM, respectively, compared to the ideal LLR.

Figure 12. Soft-demapping circuit for 6b4D-2A8PSK [44].
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The overall performance gain of 0.5 dBwas still significant in the highly nonlinear transmissions.
Figure 14(b) shows required OSNR, which was calculated by loading noise at the receiver DSP
to emulate OSNR decrease. The target normalized GMI was set to 0.92, which was close to 20.5%
SD-FEC limit [53]. The proposed soft-demapping worked even at such low OSNR conditions
and 4D-2A8PSK outperformed DP-Star-8QAM as the launched power increase.

4.11. Time domain hybrid modulation

TDH modulation has been studied considerably to cover a wide range of channel conditions,
due to its flexibility in choosing the nearly arbitrary spectral efficiency [12, 51, 52]. As the
constituent modulation formats, we use DP-QPSK (4 bits/symbol) and QP-16QAM (8 bits/
symbol) in conjunction with 5b4D, 6b4D, and 7b4D-2A8PSK to widen the range of TDH [54].
For a comparison, we also use TDH modulation using conventional modulation formats, that
is, DP-QPSK, 32SP-QAM, DP-Star-8QAM (S8QAM), 128SP-QAM, and DP-16QAM. The bene-
fit of the 4D-2A8PSK family is the 4D constant modulus property. In other words, there is no

Figure 13. Experimental setup [44].
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Figure 14. Experimental result of (a) Q from GMI and (b) required OSNR for two types of LLR calculation: Ideal (dotted
line) and the proposed in Figure 12 (solid line) [44].

Figure 15. Span loss budget for various modulation formats in the range of 4–6 bits/symbol [54].
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compromise in choosing the power ratio (ratio between the two modulation formats). On the
other hand, conventional formats experience power fluctuations, causing compromise in the
power ratio [29, 54].

We simulated transmission performance over the same link condition as described in Section
4.7. For 5b4D, 6b4D, and 7b4D-2A8PSK formats, we choose the ring ratio of 0.60, 0.65, and 0.59
for the best nonlinear performance. For all the THD modulation, we use 1:1 ratio with alter-
nating formats; however, in actual systems, any arbitrary ratio can be used. The important
parameter for TDH is the power ratio, that is, how much power will be allocated for each time
slot. We optimize the power ratio for the best nonlinear performance.

Figure 15 shows the calculated span loss budget for 4–6 bits/symbol modulation formats,
including the 2A8PSK-based and the conventional TDH modulation. DP-QPSK and 6b4D-
2A8PSK data are also included as a reference. Figure 16 shows the span loss budget for 6.5–8
bits/symbol modulation formats. From these figures, we can see that the TDH modulation
based on 2A8PSK has much better nonlinear performance than that based on the conventional
modulation formats, due to their constant modulus property.

The peak span loss budget for various spectral efficiencies is shown in Figure 17. Here, 4.5, 5.5,
6.5, and 7.5 bits/symbol TDH based on 2A8PSK used DP-QPSK, 5b4D-2A8PSK, 6b4D-2A8PSK,
7b4D-2A8PSK, and DP-16QAM. TDH based on the conventional formats used DP-QPSK,
32SP-QAM, S8QAM, 128SP-QAM, and DP-16QAM. We observed 1.3, 1.6, 1.6, and 0.6 dB
increase in peak span loss budget, when TDH used 2A8PSK, at 4.5, 5.5, 6.5, and 7.5 bits/
symbol, respectively. This shows the versatility of the 4D-2A8PSK family.

Figure 16. Span loss budget for various modulation formats in the range of 6.5–8 bits/symbol [54].
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4.12. 3.5 bits/symbol modulation format

Grassmann code [4, 55] is known to be robust against state of polarization (SOP) rotation
including cross polarization modulation (XPolM) as described in Section 2. We investigated a
Grassmann code-based 7-bit 8D code [56], whose schematic is shown in Figure 18. 2-ary
amplitude QPSK (2AQPSK) and 2A8PSK are used for the first and the second time slots,
respectively. x1, x2, y1, y2 are x- and y-polarization component of the first and second time slot,
respectively. Let b0–b6 be the information bits. In a similar manner as described in Sec 4.7, for
the 2AQPSK part, b0 and b1 are used for the angle of x1, and b2, b2 are used for the angle of y1,
respectively. For x2, b4–b6 are used for the angle representation of 2A8PSK. All use Gray coding
for the angle. The radius of x1 is expressed as XOR b4; b5; b6ð Þ, where “0” means the larger
radius and “1” means the smaller radius. The ratio of the radii is called the ring ratio. The

radius of y1 is expressed as XOR b4; b5; b6ð Þ. Both 2AQPSK and 2A8PSK share the same ring
ratio of 0.70, which was optimized for the nonlinear performance. The radius of x2 is expressed
as XOR b0; b1;…; b6ð Þ. y2 is calculated from the Grassmannian condition x1 y∗1 þ x2 y∗2 ¼ 0. This
guarantees the 4D constant modulus condition for both time slots.

Figure 17. Span loss budget for TDH modulation based on the 4D-2A8PSK formats, and that on the conventional
modulation formats [54].

Figure 18. Structure of the 7b8D-Grassmann code.
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We compared 7b8D-2A8PSK (3.5 bits/symbol), PS-QPSK (3bits/symbol), and DP-QPSK (4 bits/
symbol) of the same data rate. We also chose the channel spacing as 1.15 times of the Baud rate.
Simulation procedures and parameters are nearly identical to that described in Section 4–71,
except that we used nine channels. The simulated results are shown in Figure 19. 7b8D-
Grassmann format exhibits almost the same span loss budget as PS-QPSK, which has higher
Baud rate and broader spectrum. On the other hand, 7b8D-Grassmann format shows much
larger span loss than DP-QPSK, although the latter has narrower spectrum. Therefore,
depending on the application, 7b8D-Grassmann format may be an alternative to PS-QPSK
and DP-QPSK.

5. Conclusion

We reviewed nonlinearity-tolerant modulation formats, including the recently proposed 5, 6,
and 7 bits/symbol 4D modulation format family based on 2A8PSK. A series of transmission
simulation results show that this 2A8PSK family shows better nonlinear performance than the
conventional modulation formats at each corresponding spectral efficiency, especially for
dispersion-managed links, which are known to have high fiber nonlinearity. It is also deter-
mined that the primary benefits of the 4D constant modulus property comes from reduced
effects of SPM and XPM. Since these modulation formats in the 4D-2A8PSK family differ just
in the parity bits, they can be realized with very similar hardware over different spectral
efficiency between DP-QPSK and DP-16QAM. Furthermore, this modulation format family
can be the components of time-domain hybrid modulation, where almost arbitrary spectral
efficiency can be realized between 4 and 8 bits/symbol, when combined with DP-QPAK and
DP-16QAM.

Figure 19. Span loss budget of three modulation for the same data rate, as a function of launch power for the target
normalized GMI = 0.85.

Selected Topics on Optical Fiber Technologies and Applications190

Author details

Keisuke Kojima1*, Toshiaki Koike-Akino1, Tsuyoshi Yoshida2,3, David S. Millar1 and
Kieran Parsons1

*Address all correspondence to: kojima@merl.com

1 Mitsubishi Electric Research Laboratories (MERL), Cambridge, MA, USA

2 Information Technology R&D Center, Mitsubishi Electric Corporation, Kamakura,
Kanagawa, Japan

3 Chalmers University of Technology, Gothenburg, Sweden

References

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

[2] Secondini M, Forestieri E, Prati G. Achievable information rate in nonlinear WDM fiber-
optic systems with arbitrary modulation formats and dispersion maps. Journal of
Lightwave Technology. 2013;31(23):3839-3852

[3] Agrell E, Alvarado A, Durisi G, Karlsson M. Capacity of a nonlinear Optical Channel
with finite memory. Journal of Lightwave Technology. 2015;32(16):2862-2876

[4] Shiner AD, Reimer M, Borowiec A, Gharan SO, Gaudette J, Mehta P, Charlton D, Roberts
K, O’Sullivan M. Demonstration of an 8-dimensional modulation format with reduced
inter-channel nonlinearities in a polarization multiplexed coherent system. Optics Express.
2014;22(17):20366-20374

[5] Jinno M, Kozicki B, Takara H, Watanabe A, Sone Y, Tanaka T, Hirano A. Distance-
adaptive spectrum resource allocation in spectrum-sliced elastic optical path network.
IEEE Communications Magazine. 2010;48(8):138-145

[6] Nag A, Tornatore M, Mukherjee B. Optical network design with mixed line rates and
multiple modulation formats. Journal of Lightwave Technology. 2010;28(4):466-475

[7] Alvarado A, Ives DJ, Savory SJ, Bayvel P. On the impact of optimal modulation and FEC
overhead on future optical networks. Journal of Lightwave Technology. 2016;34(9):2339-2352

[8] Ives DJ, Alvarado A, Savory SJ. Adaptive transceivers in nonlinear flexible networks. In:
European Confrence on Optical Communication. 2016. Düsseldorf, Germany. Paper M.1.B.1

[9] Agrell E, Karlsson M. Power-efficient modulation formats in coherent transmission sys-
tems. Journal of Lightwave Technology. 2009;27(22):5115-5126

[10] Bosco G, Curri V, Carena A, Poggiolini P, Forghieri F. On the performance of Nyquist-
WDM terabit superchannels based on PM-BPSK, PM-QPSK, PM-8QAM or PM-16QAM
subcarriers. Journal of Lightwave Technology. 2011;29(1):53-61

Nonlinearity-Tolerant Modulation Formats for Coherent Optical Communications
http://dx.doi.org/10.5772/intechopen.73031

191



We compared 7b8D-2A8PSK (3.5 bits/symbol), PS-QPSK (3bits/symbol), and DP-QPSK (4 bits/
symbol) of the same data rate. We also chose the channel spacing as 1.15 times of the Baud rate.
Simulation procedures and parameters are nearly identical to that described in Section 4–71,
except that we used nine channels. The simulated results are shown in Figure 19. 7b8D-
Grassmann format exhibits almost the same span loss budget as PS-QPSK, which has higher
Baud rate and broader spectrum. On the other hand, 7b8D-Grassmann format shows much
larger span loss than DP-QPSK, although the latter has narrower spectrum. Therefore,
depending on the application, 7b8D-Grassmann format may be an alternative to PS-QPSK
and DP-QPSK.

5. Conclusion

We reviewed nonlinearity-tolerant modulation formats, including the recently proposed 5, 6,
and 7 bits/symbol 4D modulation format family based on 2A8PSK. A series of transmission
simulation results show that this 2A8PSK family shows better nonlinear performance than the
conventional modulation formats at each corresponding spectral efficiency, especially for
dispersion-managed links, which are known to have high fiber nonlinearity. It is also deter-
mined that the primary benefits of the 4D constant modulus property comes from reduced
effects of SPM and XPM. Since these modulation formats in the 4D-2A8PSK family differ just
in the parity bits, they can be realized with very similar hardware over different spectral
efficiency between DP-QPSK and DP-16QAM. Furthermore, this modulation format family
can be the components of time-domain hybrid modulation, where almost arbitrary spectral
efficiency can be realized between 4 and 8 bits/symbol, when combined with DP-QPAK and
DP-16QAM.

Figure 19. Span loss budget of three modulation for the same data rate, as a function of launch power for the target
normalized GMI = 0.85.

Selected Topics on Optical Fiber Technologies and Applications190

Author details

Keisuke Kojima1*, Toshiaki Koike-Akino1, Tsuyoshi Yoshida2,3, David S. Millar1 and
Kieran Parsons1

*Address all correspondence to: kojima@merl.com

1 Mitsubishi Electric Research Laboratories (MERL), Cambridge, MA, USA

2 Information Technology R&D Center, Mitsubishi Electric Corporation, Kamakura,
Kanagawa, Japan

3 Chalmers University of Technology, Gothenburg, Sweden

References

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

[2] Secondini M, Forestieri E, Prati G. Achievable information rate in nonlinear WDM fiber-
optic systems with arbitrary modulation formats and dispersion maps. Journal of
Lightwave Technology. 2013;31(23):3839-3852

[3] Agrell E, Alvarado A, Durisi G, Karlsson M. Capacity of a nonlinear Optical Channel
with finite memory. Journal of Lightwave Technology. 2015;32(16):2862-2876

[4] Shiner AD, Reimer M, Borowiec A, Gharan SO, Gaudette J, Mehta P, Charlton D, Roberts
K, O’Sullivan M. Demonstration of an 8-dimensional modulation format with reduced
inter-channel nonlinearities in a polarization multiplexed coherent system. Optics Express.
2014;22(17):20366-20374

[5] Jinno M, Kozicki B, Takara H, Watanabe A, Sone Y, Tanaka T, Hirano A. Distance-
adaptive spectrum resource allocation in spectrum-sliced elastic optical path network.
IEEE Communications Magazine. 2010;48(8):138-145

[6] Nag A, Tornatore M, Mukherjee B. Optical network design with mixed line rates and
multiple modulation formats. Journal of Lightwave Technology. 2010;28(4):466-475

[7] Alvarado A, Ives DJ, Savory SJ, Bayvel P. On the impact of optimal modulation and FEC
overhead on future optical networks. Journal of Lightwave Technology. 2016;34(9):2339-2352

[8] Ives DJ, Alvarado A, Savory SJ. Adaptive transceivers in nonlinear flexible networks. In:
European Confrence on Optical Communication. 2016. Düsseldorf, Germany. Paper M.1.B.1

[9] Agrell E, Karlsson M. Power-efficient modulation formats in coherent transmission sys-
tems. Journal of Lightwave Technology. 2009;27(22):5115-5126

[10] Bosco G, Curri V, Carena A, Poggiolini P, Forghieri F. On the performance of Nyquist-
WDM terabit superchannels based on PM-BPSK, PM-QPSK, PM-8QAM or PM-16QAM
subcarriers. Journal of Lightwave Technology. 2011;29(1):53-61

Nonlinearity-Tolerant Modulation Formats for Coherent Optical Communications
http://dx.doi.org/10.5772/intechopen.73031

191



[11] Renaudier J, Voicila A, Bertran-Pardo O, Rival O, Karlsson M, Charlet G, Bigo S. Com-
parison of set-partitioned two-polarization 16QAM formats with PDM-QPSK and PDM-
8QAM for optical transmission systems with error-correction coding. In: European Conf.
Optical Communications. 2012. Amsterdam, The Netherlands. Paper We.1.C.5

[12] Zhuge Q, Xu X, Morsy-Osman M, Chagnon M, Qiu M, Plant DV. Time domain hybrid
QAM based rate-adaptive optical transmissions using high speed DACs. In: Optical Fiber
Commun. Conf., 2013 Anaheim, CA. Paper OTh4E.6

[13] Fischer JK, Alreesh S, Elschner R, Frey F, Nölle M, Schubert C. Bandwidth-variable trans-
ceivers based on 4D modulation formats for future flexible networks. In: European Conf.
Optical Communications. 2013. London, UK. Paper Tu.3.C.1

[14] Millar DS, Koike-Akino T, Arik SÖ, Kojima K, Yoshida T, Parsons K. High-dimensional
modulation for coherent optical communications systems. Optics Express. 2014;22(7):
8798-8812

[15] Reimer M, Gharan SO, Shiner AD, O’Sullivan M. Optimized 4 and 8 dimensional modu-
lation formats for variable capacity in optical networks. In: Optical Fiber Commun. Conf.
2016. Anaheim, CA, Paper M3A. 4

[16] Koike-Akino T, Kojima K, Millar DS, Parsons K, Yoshida T, Sugihara T. Pareto-efficient
set of modulation and coding based on RGMI in nonlinear fiber transmissions. In: Optical
Fiber Commun. Conf., 2016. Anaheim, CA. Paper Th1D.4

[17] Koike-Akino T, Kojima K, Millar DS, Parsons K, Yoshida T, Sugihara T. Pareto optimiza-
tion of adaptive modulation and coding set in nonlinear fiber-optic systems. Journal of
Lightwave Technology. 2017;35(3):1-9

[18] Liu X, Chraplyvy AR, Winzer PJ, Tkach RW, Chandrasekhar S. Phase-conjugated twin
waves for communication beyond the Kerr nonlinearity limit. Natue Photonics. 2013;
7:560-568

[19] Chagnon M, Osman M, Zhuge Q, Xu X, Plant DV. Analysis and experimental demonstra-
tion of novel 8PolSK-QPSK modulatoin at 5 bis/symbol for passive mitigation of
nonlinear impairments. Optics Express. 2013;21(25):30204-30220

[20] Bülow H. Polarization QAMmodulation (POL-QAM) for coherent detection schemes. In:
Optical Fiber Commun. Conf. 2009. San Diego, CA. Paper OWG2

[21] Sjödin M, Agrell E, Karlsson M. Subset-optimized polarization-multiplexed PSK for fiber-
optic communications. IEEE Communication Letter. 2013;17(5):838-840

[22] Bülow H, Lu X, Schmalen L, Klekamp A, Buchali F. Experimental performance of 4D
optimized constellation alternatives for PM-8QAM and PM-16QAM. In: Optical Fiber
Commun. Conf. 2014, San Francisco, CA, Paper M2A.6

[23] Rios-Mueller R, Renaudier J, Schmalen L, Charlet G. Joint coding rate and modulation
format optimization for 8QAM constellations using BICM mutual information. In: Opti-
cal Fiber Commun. Conf. 2015, Los Angeles, CA, Paper W3K.4

Selected Topics on Optical Fiber Technologies and Applications192

[24] Zhang S, Nakamura K, Yaman F, Mateo E, Inoue T, Inada Y. Optimized BICM-8QAM
formats based on generalized mutual information. In: European Conf. Optical Commu-
nications. 2015, Valencia, Spain, Paper Mo.3.6.5

[25] Nakamura T, de Gabory ELT, Noguchi H, Maeda W, Abe J, Fukuchi K. Long haul
transmission of four-dimensional 64SP-12QAM signal based on 16QAM constellation
for longer distance at same spectral efficiency as PM-8QAM. In: European Conf. Optical
Communications. 2015, Valencia, Spain, Paper Th.2.2.2

[26] Kojima K, Millar DS, Koike-Akino T, Parsons K. Constant modulus 4D optimized con-
stellation alternative for DP-8QAM. In: European Conf. Optical Communications. 2014,
Cannes, France, Paper P.3.25

[27] Kojima K, Koike-Akino T, Millar DS, Parsons K. BICM capacity analysis of 8QAM-
alternative modulation formats in nonlinear fiber transmission. Tyrrhenian Int’l Work-
shop on Digital Comm. 2015, Florence, Italy, Paper P.4.5

[28] Kojima K, Koike-Akino T, Millar DS, Yoshida T, Parsons K. BICM capacity analysis of
8QAM-alternative 2D/4D modulation formats in nonlinear fiber transmission. In: Conf.
Lasers and Electro-Optics. 2016, Anaheim, Paper SM2F.5

[29] Kojima K, Yoshida T, Koike-Akino T, Millar DS, Parsons K, Arlunno V. 5 and 7 bit/symbol
4D Modulation Formats Based on 2A8PSK. In: European Conf. Optical Communications.
2016, Düsseldorf, Germany, Paper W.2.D.1

[30] Kojima K, Yoshida T, Koike-Akino T, Millar DS, Parsons K, Pajovic M, Arlunno V.
Nonlinearity-tolerant four-dimensional 2A8PSK family for 5-7 bits/symbol spectral effi-
ciency. Journal of Lightwave Technology. 2015;33(10):1993-2003

[31] Millar DS, Koike-Akino T, Kojima K, Parsons K. A 24-Dimensional Modulation Format
Achieving 6 dB Asymptotic Power Efficiency. In: Signal Processing in Photonic Commu-
nications. 2013, Puerto Rico, Paper SPM3D.6

[32] Eriksson TA, Johannisson P, Sjödin M, Agrell E, Andrekson PA, Karlsson M. Frequency
and polarization switched QPSK. European Conf. Optical Communications. 2013, Lon-
don, UK, Paper Th.2.D.4

[33] Koike-Akino T, Millar DS, Kojima K, Parsons K. Eight-dimensional modulation for coher-
ent optical communications. European Conf. Optical Communications. 2013, London,
UK, Paper Tu.3.C.3

[34] Millar DS, Koike-Akino T, Maher R, Lavery D, Paskov M, Kojima K, Parsons K, Thomsen
BC, Savory SJ, Bayvel P. Experimental demonstration of 24-dimensional extended Golay
coded modulation with LDPC. In: Optical Fiber Commun. Conf. 2014, San Francisco, CA,
Paper M2I.2

[35] Millar DS, Koike-Akino T, Arik ., Kojima K, Parsons K. Comparison of quaternary block-
coding and sphere-cutting for high-dimensional modulation. In: Optical Fiber Commun.
Conf. 2014, San Francisco, CA, Paper M3A.4

Nonlinearity-Tolerant Modulation Formats for Coherent Optical Communications
http://dx.doi.org/10.5772/intechopen.73031

193



[11] Renaudier J, Voicila A, Bertran-Pardo O, Rival O, Karlsson M, Charlet G, Bigo S. Com-
parison of set-partitioned two-polarization 16QAM formats with PDM-QPSK and PDM-
8QAM for optical transmission systems with error-correction coding. In: European Conf.
Optical Communications. 2012. Amsterdam, The Netherlands. Paper We.1.C.5

[12] Zhuge Q, Xu X, Morsy-Osman M, Chagnon M, Qiu M, Plant DV. Time domain hybrid
QAM based rate-adaptive optical transmissions using high speed DACs. In: Optical Fiber
Commun. Conf., 2013 Anaheim, CA. Paper OTh4E.6

[13] Fischer JK, Alreesh S, Elschner R, Frey F, Nölle M, Schubert C. Bandwidth-variable trans-
ceivers based on 4D modulation formats for future flexible networks. In: European Conf.
Optical Communications. 2013. London, UK. Paper Tu.3.C.1

[14] Millar DS, Koike-Akino T, Arik SÖ, Kojima K, Yoshida T, Parsons K. High-dimensional
modulation for coherent optical communications systems. Optics Express. 2014;22(7):
8798-8812

[15] Reimer M, Gharan SO, Shiner AD, O’Sullivan M. Optimized 4 and 8 dimensional modu-
lation formats for variable capacity in optical networks. In: Optical Fiber Commun. Conf.
2016. Anaheim, CA, Paper M3A. 4

[16] Koike-Akino T, Kojima K, Millar DS, Parsons K, Yoshida T, Sugihara T. Pareto-efficient
set of modulation and coding based on RGMI in nonlinear fiber transmissions. In: Optical
Fiber Commun. Conf., 2016. Anaheim, CA. Paper Th1D.4

[17] Koike-Akino T, Kojima K, Millar DS, Parsons K, Yoshida T, Sugihara T. Pareto optimiza-
tion of adaptive modulation and coding set in nonlinear fiber-optic systems. Journal of
Lightwave Technology. 2017;35(3):1-9

[18] Liu X, Chraplyvy AR, Winzer PJ, Tkach RW, Chandrasekhar S. Phase-conjugated twin
waves for communication beyond the Kerr nonlinearity limit. Natue Photonics. 2013;
7:560-568

[19] Chagnon M, Osman M, Zhuge Q, Xu X, Plant DV. Analysis and experimental demonstra-
tion of novel 8PolSK-QPSK modulatoin at 5 bis/symbol for passive mitigation of
nonlinear impairments. Optics Express. 2013;21(25):30204-30220

[20] Bülow H. Polarization QAMmodulation (POL-QAM) for coherent detection schemes. In:
Optical Fiber Commun. Conf. 2009. San Diego, CA. Paper OWG2

[21] Sjödin M, Agrell E, Karlsson M. Subset-optimized polarization-multiplexed PSK for fiber-
optic communications. IEEE Communication Letter. 2013;17(5):838-840

[22] Bülow H, Lu X, Schmalen L, Klekamp A, Buchali F. Experimental performance of 4D
optimized constellation alternatives for PM-8QAM and PM-16QAM. In: Optical Fiber
Commun. Conf. 2014, San Francisco, CA, Paper M2A.6

[23] Rios-Mueller R, Renaudier J, Schmalen L, Charlet G. Joint coding rate and modulation
format optimization for 8QAM constellations using BICM mutual information. In: Opti-
cal Fiber Commun. Conf. 2015, Los Angeles, CA, Paper W3K.4

Selected Topics on Optical Fiber Technologies and Applications192

[24] Zhang S, Nakamura K, Yaman F, Mateo E, Inoue T, Inada Y. Optimized BICM-8QAM
formats based on generalized mutual information. In: European Conf. Optical Commu-
nications. 2015, Valencia, Spain, Paper Mo.3.6.5

[25] Nakamura T, de Gabory ELT, Noguchi H, Maeda W, Abe J, Fukuchi K. Long haul
transmission of four-dimensional 64SP-12QAM signal based on 16QAM constellation
for longer distance at same spectral efficiency as PM-8QAM. In: European Conf. Optical
Communications. 2015, Valencia, Spain, Paper Th.2.2.2

[26] Kojima K, Millar DS, Koike-Akino T, Parsons K. Constant modulus 4D optimized con-
stellation alternative for DP-8QAM. In: European Conf. Optical Communications. 2014,
Cannes, France, Paper P.3.25

[27] Kojima K, Koike-Akino T, Millar DS, Parsons K. BICM capacity analysis of 8QAM-
alternative modulation formats in nonlinear fiber transmission. Tyrrhenian Int’l Work-
shop on Digital Comm. 2015, Florence, Italy, Paper P.4.5

[28] Kojima K, Koike-Akino T, Millar DS, Yoshida T, Parsons K. BICM capacity analysis of
8QAM-alternative 2D/4D modulation formats in nonlinear fiber transmission. In: Conf.
Lasers and Electro-Optics. 2016, Anaheim, Paper SM2F.5

[29] Kojima K, Yoshida T, Koike-Akino T, Millar DS, Parsons K, Arlunno V. 5 and 7 bit/symbol
4D Modulation Formats Based on 2A8PSK. In: European Conf. Optical Communications.
2016, Düsseldorf, Germany, Paper W.2.D.1

[30] Kojima K, Yoshida T, Koike-Akino T, Millar DS, Parsons K, Pajovic M, Arlunno V.
Nonlinearity-tolerant four-dimensional 2A8PSK family for 5-7 bits/symbol spectral effi-
ciency. Journal of Lightwave Technology. 2015;33(10):1993-2003

[31] Millar DS, Koike-Akino T, Kojima K, Parsons K. A 24-Dimensional Modulation Format
Achieving 6 dB Asymptotic Power Efficiency. In: Signal Processing in Photonic Commu-
nications. 2013, Puerto Rico, Paper SPM3D.6

[32] Eriksson TA, Johannisson P, Sjödin M, Agrell E, Andrekson PA, Karlsson M. Frequency
and polarization switched QPSK. European Conf. Optical Communications. 2013, Lon-
don, UK, Paper Th.2.D.4

[33] Koike-Akino T, Millar DS, Kojima K, Parsons K. Eight-dimensional modulation for coher-
ent optical communications. European Conf. Optical Communications. 2013, London,
UK, Paper Tu.3.C.3

[34] Millar DS, Koike-Akino T, Maher R, Lavery D, Paskov M, Kojima K, Parsons K, Thomsen
BC, Savory SJ, Bayvel P. Experimental demonstration of 24-dimensional extended Golay
coded modulation with LDPC. In: Optical Fiber Commun. Conf. 2014, San Francisco, CA,
Paper M2I.2

[35] Millar DS, Koike-Akino T, Arik ., Kojima K, Parsons K. Comparison of quaternary block-
coding and sphere-cutting for high-dimensional modulation. In: Optical Fiber Commun.
Conf. 2014, San Francisco, CA, Paper M3A.4

Nonlinearity-Tolerant Modulation Formats for Coherent Optical Communications
http://dx.doi.org/10.5772/intechopen.73031

193



[36] Alvarado A, Agrell E, Lavery D, Bayvel P. LDPC codes for optical channels: Is the “FEC
Limit” a good predictor of post-FEC BER. In: Optical Fiber Commun. Conf. 2015, Los
Angeles, CA, Paper Th3E.5

[37] Alvarado A, Agrell E. Four-dimensional coded modulation with bit-wise decoders for
future optical communications. Journal of Lightwave Technology. 2017;35(8):1383-1391

[38] Maher R, Alvarado A, Lavery D, Bayvel EP. Modulation order and code rate optimisation
for digital coherent transceivers using generalised mutual information. In: European
Conf. Optical Communications. 2015, Valencia, Spain, Paper M.3.3.4

[39] ten Brink S, Kramer G, Ashikhmin A. Design of low-density parity-check codes for modu-
lation and detection. IEEE Transactions on Communications. Apr. 2004;52(4):670-678

[40] Bennatan A, Bushtein D. Design and analysis of nonbinary LDPC codes for arbitrary
discrete-memoryless channels. IEEE Transactions on Information Theory. 2006;52(2):549-583

[41] Szczecinski L, Alvarado A. Bit-Interleaved Coded Modulation: Fundamentals, Analysis,
and Design. UK: Wiley; 2015. p. 228

[42] Zhang S, Arabaci M, Yaman F, Djordjevic IB, Xu L, Wnag T, Inada Y, Ogata T, Aoki Y.
Experimental study of non-binary LDPC coding for long-haul coherent optical QPSK
transmissions. Optics Express. 2011;19(20):19042-19049

[43] Sugihara K, Miyata Y, Sugihara T, Kubo K, Yoshida H, Matsumoto W, Mizuochi T. A
spatially-coupled type LDPC code with an NCG of 12 dB for optical transmission beyond
100 Gb/s. In: Optical Fiber Commun. Conf. 2013, Anaheim, CA, Paper OM2B.4

[44] Yoshida T, Matsuda K, Kojima K, Miura H, Dohi D, Pajovic M, Koike-Akino T, Millar DS,
Parsons K, Sugihara T. Hardware-efficient precise and flexible soft-demapping for multi-
dimensional complementary APSK signals. In: European Conf. Optical Communications.
2016, Düsseldorf, Germany, Paper Th.2.P2.SC3.27

[45] Poggiolini P, Bosco G, Carena A, Curri V, Forghieri F. Performance evaluation of coherent
WDM PS-QPSK (HEXA) accounting for non-linear fiber propagation effects. Optics
Express. 2010;18(11):11360-11371

[46] Bononi A, Serena P, Rossi N, Sperti D. Which is the dominant nonlinearity in long-haul
PDM-QPSK coherent transmissions? In: European Conf. Optical Communications. 2010,
Torino, Italy, Paper Th.10.E.1

[47] Pajovic M, Millar DS, Koike-Akino T, Maher R, Lavery D, Alvarado A, Paskov M, Kojima
K, Parsons K, Thomsen BC, Savory SJ, Bayvel P. Experimental demonstration of multi-
pilot aided carrier phase estimation for DP-16QAM and DP-256QAM. In: European Conf.
Optical Communications. 2015, Valencia, Spain, Paper Mo.4.3.3

[48] Ready MJ, Gooch RP. Blind equalization based on radius directed adaptation. Proceed-
ings of ICASSP. 1990;3:1699-1702

Selected Topics on Optical Fiber Technologies and Applications194

[49] Ishimura S, Kikuchi K. Fast decoding and LLR-computation algorithms for high-order
set-partitioned 4D–QAM constellations. In: European Conf. Optical Communications.
2015, Valencia, Paper P.3.01

[50] Koike-Akino T, Millar DS, Kojima K, Parsons K. Phase noise-robust LLR calculation with
linear/bilinear transform for LDPC-coded coherent communications. Conf. Lasers and
Electro-Optics. 2015, San Diego, Paper SW1M.3

[51] Zhou X, Nelson LE, Isaac R, Magill PD, Zhu B, Borel P, Carlson K, Peckham DW.
12,000km transmission of 100GHz spaced, 8x495-Gb/s PDM time-domain hybrid QPSK-
8QAM signals. In: Optical Fiber Commun. Conf. 2012, Los Angeles, CA, Paper OTu2B.4

[52] Yan L et al. Sensitivity comparison of time domain hybrid modulation and rate adaptive
coding. Proc. OFC, W1I.3, Anaheim. 2013

[53] Ishii K, Dohi K, Kubo K, Sugihara K, Miyata Y, Sugihara T. A study on power-scaling of
triple-concatenated FEC for optical transport networks. In: European Conf. Optical Com-
munications. 2015, Valencia, Paper Tu3.4.2

[54] Kojima K, Yoshida T, Parsons K, Koike-Akino T, Millar DS, Matsuda K. Nonlinearity-
tolerant time domain hybrid modulation for 4-8 bits/symbol based on 2A8PSK. In: Opti-
cal Fiber Commun. Conf. 2017, Los Angeles, CA, Paper W4A.5

[55] Koike-Akino T, Kojima K, Parsons K. Trellis-coded high-dimensional modulation for polar-
ization crosstalk self cancellation in coherent optical communications. In: Signal Processing
in Photonic Communications. 2015, Boston, Paper SpS3D.6

[56] Kojima K, Yoshida T, Koike-Akino T, Millar DS, Matsuda K, Parsons K. Nonlinearity-
tolerant modulation formats at 3.5 bits/symbol. In: Conf. Lasers and Electro-Optics. 2017,
San Jose, Paper STu4M.3

Nonlinearity-Tolerant Modulation Formats for Coherent Optical Communications
http://dx.doi.org/10.5772/intechopen.73031

195



[36] Alvarado A, Agrell E, Lavery D, Bayvel P. LDPC codes for optical channels: Is the “FEC
Limit” a good predictor of post-FEC BER. In: Optical Fiber Commun. Conf. 2015, Los
Angeles, CA, Paper Th3E.5

[37] Alvarado A, Agrell E. Four-dimensional coded modulation with bit-wise decoders for
future optical communications. Journal of Lightwave Technology. 2017;35(8):1383-1391

[38] Maher R, Alvarado A, Lavery D, Bayvel EP. Modulation order and code rate optimisation
for digital coherent transceivers using generalised mutual information. In: European
Conf. Optical Communications. 2015, Valencia, Spain, Paper M.3.3.4

[39] ten Brink S, Kramer G, Ashikhmin A. Design of low-density parity-check codes for modu-
lation and detection. IEEE Transactions on Communications. Apr. 2004;52(4):670-678

[40] Bennatan A, Bushtein D. Design and analysis of nonbinary LDPC codes for arbitrary
discrete-memoryless channels. IEEE Transactions on Information Theory. 2006;52(2):549-583

[41] Szczecinski L, Alvarado A. Bit-Interleaved Coded Modulation: Fundamentals, Analysis,
and Design. UK: Wiley; 2015. p. 228

[42] Zhang S, Arabaci M, Yaman F, Djordjevic IB, Xu L, Wnag T, Inada Y, Ogata T, Aoki Y.
Experimental study of non-binary LDPC coding for long-haul coherent optical QPSK
transmissions. Optics Express. 2011;19(20):19042-19049

[43] Sugihara K, Miyata Y, Sugihara T, Kubo K, Yoshida H, Matsumoto W, Mizuochi T. A
spatially-coupled type LDPC code with an NCG of 12 dB for optical transmission beyond
100 Gb/s. In: Optical Fiber Commun. Conf. 2013, Anaheim, CA, Paper OM2B.4

[44] Yoshida T, Matsuda K, Kojima K, Miura H, Dohi D, Pajovic M, Koike-Akino T, Millar DS,
Parsons K, Sugihara T. Hardware-efficient precise and flexible soft-demapping for multi-
dimensional complementary APSK signals. In: European Conf. Optical Communications.
2016, Düsseldorf, Germany, Paper Th.2.P2.SC3.27

[45] Poggiolini P, Bosco G, Carena A, Curri V, Forghieri F. Performance evaluation of coherent
WDM PS-QPSK (HEXA) accounting for non-linear fiber propagation effects. Optics
Express. 2010;18(11):11360-11371

[46] Bononi A, Serena P, Rossi N, Sperti D. Which is the dominant nonlinearity in long-haul
PDM-QPSK coherent transmissions? In: European Conf. Optical Communications. 2010,
Torino, Italy, Paper Th.10.E.1

[47] Pajovic M, Millar DS, Koike-Akino T, Maher R, Lavery D, Alvarado A, Paskov M, Kojima
K, Parsons K, Thomsen BC, Savory SJ, Bayvel P. Experimental demonstration of multi-
pilot aided carrier phase estimation for DP-16QAM and DP-256QAM. In: European Conf.
Optical Communications. 2015, Valencia, Spain, Paper Mo.4.3.3

[48] Ready MJ, Gooch RP. Blind equalization based on radius directed adaptation. Proceed-
ings of ICASSP. 1990;3:1699-1702

Selected Topics on Optical Fiber Technologies and Applications194

[49] Ishimura S, Kikuchi K. Fast decoding and LLR-computation algorithms for high-order
set-partitioned 4D–QAM constellations. In: European Conf. Optical Communications.
2015, Valencia, Paper P.3.01

[50] Koike-Akino T, Millar DS, Kojima K, Parsons K. Phase noise-robust LLR calculation with
linear/bilinear transform for LDPC-coded coherent communications. Conf. Lasers and
Electro-Optics. 2015, San Diego, Paper SW1M.3

[51] Zhou X, Nelson LE, Isaac R, Magill PD, Zhu B, Borel P, Carlson K, Peckham DW.
12,000km transmission of 100GHz spaced, 8x495-Gb/s PDM time-domain hybrid QPSK-
8QAM signals. In: Optical Fiber Commun. Conf. 2012, Los Angeles, CA, Paper OTu2B.4

[52] Yan L et al. Sensitivity comparison of time domain hybrid modulation and rate adaptive
coding. Proc. OFC, W1I.3, Anaheim. 2013

[53] Ishii K, Dohi K, Kubo K, Sugihara K, Miyata Y, Sugihara T. A study on power-scaling of
triple-concatenated FEC for optical transport networks. In: European Conf. Optical Com-
munications. 2015, Valencia, Paper Tu3.4.2

[54] Kojima K, Yoshida T, Parsons K, Koike-Akino T, Millar DS, Matsuda K. Nonlinearity-
tolerant time domain hybrid modulation for 4-8 bits/symbol based on 2A8PSK. In: Opti-
cal Fiber Commun. Conf. 2017, Los Angeles, CA, Paper W4A.5

[55] Koike-Akino T, Kojima K, Parsons K. Trellis-coded high-dimensional modulation for polar-
ization crosstalk self cancellation in coherent optical communications. In: Signal Processing
in Photonic Communications. 2015, Boston, Paper SpS3D.6

[56] Kojima K, Yoshida T, Koike-Akino T, Millar DS, Matsuda K, Parsons K. Nonlinearity-
tolerant modulation formats at 3.5 bits/symbol. In: Conf. Lasers and Electro-Optics. 2017,
San Jose, Paper STu4M.3

Nonlinearity-Tolerant Modulation Formats for Coherent Optical Communications
http://dx.doi.org/10.5772/intechopen.73031

195



Chapter 9

Fiber Laser for Phase-Sensitive Optical Time-Domain
Reflectometry

Vasily V. Spirin, Cesar A. López-Mercado,
Patrice Mégret and Andrei A. Fotiadi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72553

Provisional chapter

Fiber Laser for Phase-Sensitive Optical Time-Domain
Reflectometry

Vasily V. Spirin, Cesar A. López-Mercado,

Patrice Mégret and Andrei A. Fotiadi

Additional information is available at the end of the chapter

Abstract

We have designed a new fiber laser configuration with an injection-locked DFB laser
applicable for phase-sensitive optical time-domain reflectometry. A low-loss fiber opti-
cal ring resonator (FORR) is used as a high finesse filter for the self-injection locking of
the DFB (IL-DFB) laser. By varying the FORR fidelity, we have compared the DFB laser
locking with FORR operating in the under-coupled, critically coupled, and over-coupled
regimes. The critical coupling provides better frequency locking and superior narrowing
of the laser linewidth. We have demonstrated that the locked DFB laser generates a
single-frequency radiation with a linewidth less than 2.5 kHz if the FORR operates in
the critically coupled regime. We have employed new IL-DFB laser configuration oper-
ating in the critical coupling regime for detection and localization of the perturbations in
phase-sensitive OTDR system. The locked DFB laser with a narrow linewidth provides
reliable long-distance monitoring of the perturbations measured through the moving
differential processing algorithm. The IL-DFB laser delivers accurate localization of the
vibrations with a frequency as low as ~50 Hz at a distance of 9270 m providing the
same signal-to-noise ratio that is achievable with an expensive ultra-narrow linewidth
OEwaves laser (OE4020–155000-PA-00).

Keywords: fiber laser, self-injection locking, phase-sensitive OTDR

1. Introduction

Distributed fiber optic sensors are widely used for variety of applications such as structural
health monitoring, perimeter and pipeline security, temperature, pressure, strain, and vibration
measurements due to its lightweight, ease of installation, and immunity to electromagnetic fields
[1–18]. One of the modern forward-looking fiber optic techniques, the so-called phase-sensitive
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optical time-domain reflectometry (w-OTDR), enables detection of acoustical perturbations along
sensing optical fibers of several kilometers length [19–22].

Such optical sensor analyzer operates as a conventional OTDR, where a light pulse is
injected into the optical fiber and Rayleigh backscattering radiation originating from the
natural refractive index inhomogeneities frozen in the fiber core is recorded as time-
dependent traces. However, in contrast to the conventional OTDR utilizing low coherence
laser sources and hence based on recording of Rayleigh backscattering intensity, the w-OTDR
systems require highly coherent lasers with a coherence length exceeding the pulse duration
and employ a difference between consequent time-dependent traces as a readout signal. For
proper operation of w-OTDR systems, the allowed optical frequency shift between two
neighboring pulses should be low enough to keep Rayleigh backscattering interference
pattern recorded as a result of pulse reflections from multiple scattering fiber centers
unchangeable. Under these conditions, two consecutive traces recorded in an undisturbed
fiber are identical. Meanwhile, any change in geometry of the frozen distribution of the
refractive index in the fiber core caused by stress, strain, or temperature variations applied
to some fiber points affects the difference between successive traces and, therefore, can be
detected and localized with w-OTDR systems [19–22]. Typically for long-distance measure-
ments, a coherent laser source with a few kHz linewidth and frequency drift less than
1 MHz/min is required [2].

It is well known that self-injection locking of conventional telecom DFB lasers could
significantly improve their spectral performance [23–34]. In our previous works, we have
demonstrated substantial narrowing of the laser linewidth due to a spectrally selective
feedback realized with FORR built from low-cost standard fiber telecom components [35–
37]. To provide the DFB laser locking, a part of the optical radiation emitted by the DFB
laser is passed through the filtering in a fiber ring resonator and returned into the laser
cavity. This low-cost all-fiber solution allows achieving the laser linewidth as narrow as
500 Hz [36].

In this chapter, we demonstrate application of the DFB laser locked through a fiber ring cavity
for w-OTDR systems. In particular, we show that the proposed laser solution in combination
with the moving differential processing algorithm enables accurate detection and localization
of vibrations applied to the sensing fiber at a distance up to 10 km.

2. Experimental results and discussion

Figure 1 shows the experimental configuration of the DFB laser locked through a fiber optic
ring resonator (FORR). The MITSUBISHI FU-68PDF-V520M27B DFB laser with a built-in
optical isolator operates a linewidth of ~2 MHz at the wavelength of ~ 1534.85 nm. The output
DFB laser radiation is passed through an optical circulator (OC), optical coupler (C1), and
polarization controller (PC1) and then introduced into a fiber optic ring resonator. The FORR
consists of a variable ratio coupler VRC, 95/5 coupler C2 and comprises ~4 m length of a
standard SMF-28 fiber. The operation of FORR is similar to the Fabry-Perot interferometer

Selected Topics on Optical Fiber Technologies and Applications198

with the reflected power detected in port B and transmitted power directed to the coupler C3
[20]. The radiation at the port A is used as an output of the injection-locked DFB (IL-DFB) laser,
while port B and C are connected to detectors for the monitoring of the reflected and transmit-
ted powers, respectively. Optical isolators prevent reflections from the fiber ends that poten-
tially could affect the DFB laser behavior. The polarization controller (PC2) and the optical
switcher (OS) are used to adjust the feedback strength and activate or deactivate the optical
feedback loop that returns transmitted through the FORR power back into the DFB laser
cavity.

Once the DFB laser frequency gets a resonance with the FORR, the DFB laser is locked in
frequency to one of the FORR frequency modes. This effect could be observed as a suppression
of the temporal power fluctuations recorded at ports C and B. Figure 2 shows typical oscillo-
scope traces of transmitted and reflected powers recorded at ports C and B, respectively. Single

Figure 1. The experimental configuration of the DFB laser locked through FORR. OC—Optical circulator, VRC—Variable
ratio coupler, C—Optical coupler, PC—Polarization controller, OS—Optical switcher.

Figure 2. Typical oscilloscope traces for transmitted and reflected powers.
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of the temporal power fluctuations recorded at ports C and B. Figure 2 shows typical oscillo-
scope traces of transmitted and reflected powers recorded at ports C and B, respectively. Single

Figure 1. The experimental configuration of the DFB laser locked through FORR. OC—Optical circulator, VRC—Variable
ratio coupler, C—Optical coupler, PC—Polarization controller, OS—Optical switcher.

Figure 2. Typical oscilloscope traces for transmitted and reflected powers.
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frequency regime is observed during some time intervals that are interrupted by short-time
mode hopping events. The frequency drift during the stable time interval strongly depends on
environmental conditions and can be less than 1–2 MHz/min, if the FORR is placed in an
isolation box used for environmental protection.

Stabilization of the laser operation is accompanied by stabilization of the polarization state of
the locked DFB laser radiation recorded at the port A and the transmitted power recorded at
the port C (see Figure 3). However, during the mode hopping, the polarization state can be
changed. In our previous work, we have reported two possible regimes of mode hopping [35].
The first regime, we have attributed to the hopping between FORR modes of nearest orders,
but of the same polarization state, and the second one to the hopping between orthogonal
polarizations modes of the same order. These two regimes have significantly different time
which the system takes to recover steady-state operation after the mode hopping event. In the
first most common regime, the recovery time is typically ~5 ms, but in the second regime, the
typical recovery time is significantly less and equal to ~100 μs [35].

The locking performance strongly depends on the parameters of the VRC coupler used in the
FORR. The coupling regime is defined by a relation between the VRC coupling coefficient k1
and the total losses inside the cavity α [38]:

k1 < 1� α 1� γ1

� �
under-coupling regime,

k1 ¼ 1� α 1� γ1

� �
critical-coupling regime,

k1 > 1� α 1� γ1

� �
over-coupling regime,

(1)

where the power transmission coefficient α includes all losses inside the fiber loop and γ1 is the
intensity loss in the variable ratio coupler.

Figure 4 shows the normalized reflected power versus the coupling coefficient k1 at port B. In
the critical coupling regime, the reflected power reaches the minimum, and therefore, all
nearby input power are transmitted through the FORR (see Figure 5). For that reason, the
critical coupling provides higher feedback strength leading to better locking.

Figure 3. Polarization behavior during the stable interval: a) at port a and b) at port C.
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Let us stress out that for the DFB laser locked at the resonance frequency of the FORR, the
transmitted and reflected powers from FORR are in good agreement with the theoretical
estimations.

The finesse of the resonance peak of the FORR is defined as a ratio of the FORR intermode
interval to the spectral peak width:

F ¼ FSR=Δf (2)

where FSR = c/nL ≈ 50 MHz is the free spectral range of the FORR and Δf is the full-width at
half-maximum (FWHM) of the feedback loop transmission peak.

Figure 4. Normalized reflected power versus coupling coefficient k1 at port B.

Figure 5. Normalized transmitted power versus coupling coefficient k1 at port C.
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For the FORR configuration with an additional coupler C2, Δf could be found following the
same procedure as it is described in Ref. 26 for a simple optical ring resonator. For our
resonator, the FWHM of the cavity mode can be estimated as [37]:

Δf ¼ 1
2πτ

cos �1 2� 1þ α 1� γ1

� �
1� k1ð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α 1� γ1

� �
1� k1ð Þ

q

0
B@

1
CA (3)

In the critical coupling regime at k1 = 0.08, Eq. (3) gives Δf = 0.77 MHz and the finesse F = 65.8.

The finesse of the resonator strongly depends on the total cavity losses and the coupling coeffi-
cient. The finesse is higher for smaller losses and lower coupling coefficients (see Figure 6).

The delayed self-heterodyne spectra of the IL-DFB laser measured with unbalanced Mach-
Zehnder interferometer [39] during the time intervals of stable laser operation at the critical
coupling regime are shown in Figure 7. The Mach-Zehnder interferometer comprises 35 km of
the delay fiber line in one arm and 20 MHz phase modulator in the other. The beat signal of
two interferometer arms is detected by 125 MHz photodiode and RF spectrum analyzer. One
can see that the DFB laser linewidth Δν decreases from approximately 2 MHz for a free
running laser to 2.4 kHz for the IL-DFB laser operating in critical coupling regime.

Assuming the Lorentzian shape of the laser line, the laser coherence length Lc [40] is described as:

Lc ¼ c
πNeffΔν

(4)

where c is the speed of the light in vacuum, Neff is the effective group refraction index in the
sensing fiber equal to 1.468 [41], and Δν is the laser linewidth.

Therefore, the coherence length is increased from approximately 26 m for a free running DFB
laser up to 27.2 km for the IL-DFB laser operating in the critical coupling regime.

Figure 6. The finesse of resonator versus coupling factor k1.
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Figure 8 shows the experimentally measured linewidth of the locked DFB laser versus the
coupling coefficient k1. The minimal linewidth of about 2.5 kHz is achieved for the laser
operating in the under-coupling and critical coupling regimes. In the over-coupling regime,
the laser linewidth significantly increases.

Figure 7. Delayed self-heterodyne spectra of the IL-DFB laser recorded with the laser stabilized for operation in the
critical coupling regime.

Figure 8. Experimental linewidth of the locked DFB laser versus the coupling coefficient k1.
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Figure 8 shows the experimentally measured linewidth of the locked DFB laser versus the
coupling coefficient k1. The minimal linewidth of about 2.5 kHz is achieved for the laser
operating in the under-coupling and critical coupling regimes. In the over-coupling regime,
the laser linewidth significantly increases.

Figure 7. Delayed self-heterodyne spectra of the IL-DFB laser recorded with the laser stabilized for operation in the
critical coupling regime.

Figure 8. Experimental linewidth of the locked DFB laser versus the coupling coefficient k1.
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Thus, the critical coupling provides the best IL-DFB laser stability and narrowest linewidth
making the laser applicable in w-OTDR systems.

The configuration of the w-OTDR system with IL-DFB laser operating in the critical coupling
regime is shown in Figure 9. The output radiation of the IL-DBF laser is amplified by an EDFA
up to 23 mWand passes through a bandpass filter (BPF) to filter out spontaneous emission noise.

An optical intensity modulator (OIM) provides generation of optical pulses with the width of
350 ns and repetition rate of 10 kHz introduced into the sensing fiber through 1/99 coupler and
an optical circulator. The sensing fiber comprises 8400 m of standard SMF-28e and 950 m of
Raman Optical Fiber (OFS) with the loss coefficient of about 0.33 dB/km. Acoustic perturba-
tions at the frequency of 50 Hz are generated at the sensing fiber distance of 9270 m by a
loudspeaker.

The Rayleigh backscattered signal traces have been detected at the port E by 125 MHz photo-
detector and recorded by an oscilloscope. Each from about 1024 similar traces of 100 ms length
has been digitized with a speed of 20 mega samples per second.

Since a low-frequency perturbation causes very small modification of the Rayleigh scattering
traces, a simple calculation of the differences between two neighboring successive traces is not
enough to localize the perturbed fiber segment. Figure 10 shows superposition of the absolute
values of differences between all neighboring successive traces. One can see that the signal
obtained for the distance of perturbations is the same as for any other positions.

However, the signal-to-noise ratio can be significantly improved with applying a special
averaging procedure. For these purposes, we have processed the storage traces by employing
three-step algorithm which is similar to moving differential method [19].

First, we determine the partial sums by averaging of N consequent traces. Each next partial
sum is shifted by a number m of traces from the previous one. Then, we calculate the absolute
value of the differences between every consequent partial sum.

The last step of the algorithm includes an analysis of the superposition of the absolute values
for all differences.

Figure 9. Experimental scheme for detection of the perturbation in the sensing fiber. BPF—Bandpass filter, PC—Polari-
zation controller, OIM—Optical intensity modulator, OC—Optical circulator.
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Figure 11 shows the superposition of all differences for N = 75 and m = 10. The highest peak
denotes the point of the perturbation at 9270 m along the fiber under test. The signal peak
exceeds the maximum of the noise value in 1.6 times and the average value of the noise
approximately by 9 dB. Let us stress out that with the unlocked DFB laser, we never register
the perturbation even at distances less than 0.1 km.

It is experimentally demonstrated that the relation between the signal and average value of the
noise strongly depends on the shift between the averaging data arrays. However, a choice of

Figure 10. Superposition of the absolute values of differences between neighboring successive traces recorded with IL-
DFB laser.

Figure 11. Superposition of the absolute values of differences between averaged traces for IL-DFB laser, m = 10 and
N = 75.
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Figure 11 shows the superposition of all differences for N = 75 and m = 10. The highest peak
denotes the point of the perturbation at 9270 m along the fiber under test. The signal peak
exceeds the maximum of the noise value in 1.6 times and the average value of the noise
approximately by 9 dB. Let us stress out that with the unlocked DFB laser, we never register
the perturbation even at distances less than 0.1 km.

It is experimentally demonstrated that the relation between the signal and average value of the
noise strongly depends on the shift between the averaging data arrays. However, a choice of

Figure 10. Superposition of the absolute values of differences between neighboring successive traces recorded with IL-
DFB laser.

Figure 11. Superposition of the absolute values of differences between averaged traces for IL-DFB laser, m = 10 and
N = 75.
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the number of averaging not so strongly affects the signal-to-noise ratio and could be selected
arbitrary within the interval between 40 and 120. Figure 12 shows superposition of the abso-
lute values of differences between the averaged traces for the shift m = 23 and averaging
number N = 75.

The signal peak exceeds the maximum of the noise value in 2.1 times and the average noise
value approximately by 10 dB.

Figure 13 shows a superposition of the absolute values of differences between the averaged
traces for the shift of m = 45 and averaging number N = 75. The signal peak exceeds the
maximum of the noise value in 1.4 times and the average noise value by approximately 8 dB.

A number of the performed experiments allow us to conclude that in our experimental condi-
tions, the maximum of the signal-to-noise ratio is achieved with the shift m approximately
equal to 20.

The obtained value of the signal-to-noise ratio allows correct localization of the perturbations
with the IL-DFB laser system at distances of about 10 km and resolution of around 10–15 m but
does not allow comparing a capacity of the proposed solution with commercially available
techniques.

In order to fulfill this gap, we have performed the same measurements, under the same experi-
mental conditions, but utilizing a commercially available ultra-narrow linewidth (~ 300 Hz) laser
OEwaves laser OE4020–155000-PA-00. Figure 14 shows the superposition of the subtractions of
averaged traces for the measurements utilizing OEwaves laser for the shift m = 23 and averaging
number N = 75. The signal peak at the distance of ~9270 m exceeds the highest noise signal in
about 2.25 times that is nearly the same result as obtained with our IL-DFB laser.

Figure 12. Superposition of the absolute values of differences between averaged traces for IL-DFB laser, m = 23 and
N = 75.
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3. Conclusion

We have employed IL-DFB laser configuration at the critical coupling regime for detection and
localization of the perturbations by w-OTDR system.

At the critical coupling regime, the laser power is practically totally accumulated inside the
cavity providing strong feedback for laser locking and resulting in the best laser stability and

Figure 13. Superposition of the absolute values of differences between the averaged traces for IL-DFB laser, m = 45 and
N = 75.

Figure 14. Superposition of the absolute values of the differences between average traces for ultra-narrow linewidth
OEwaves laser OE4020–155000-PA-00.
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significant narrowing of the laser generation spectrum. The locked DFB laser with the
linewidth of about 2.4 kHz provides the long-distance measurements of the perturbations as
the moving differential processing algorithm is applied. The IL-DFB laser delivers accurate
localization of vibrations at the frequency as low as low 50 Hz at the distance of ~9270 m with
the same signal-to-noise ratio that is achieved with an expensive ultra-narrow linewidth laser
OEwaves laser OE4020–155000-PA-00.

We believe that proposed solution can be useful for applications in cost-effective w-OTDR
system for the measurement of the perturbations at distances up to ten kilometers.
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significant narrowing of the laser generation spectrum. The locked DFB laser with the
linewidth of about 2.4 kHz provides the long-distance measurements of the perturbations as
the moving differential processing algorithm is applied. The IL-DFB laser delivers accurate
localization of vibrations at the frequency as low as low 50 Hz at the distance of ~9270 m with
the same signal-to-noise ratio that is achieved with an expensive ultra-narrow linewidth laser
OEwaves laser OE4020–155000-PA-00.

We believe that proposed solution can be useful for applications in cost-effective w-OTDR
system for the measurement of the perturbations at distances up to ten kilometers.
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Abstract

A depolarized fiber optic gyroscope (DFOG) prototype with closed-loop configuration,
sinusoidal-bias, and serrodyne-feedback electrooptic phase modulations was designed. A
complete optoelectronic design is realized by using computational simulation tools (opti-
cal subsystem: Synopsys®-Optsim™ software and electronic subsystem: National Instru-
ments®-MultiSim™ software). The design presented here includes both optical and
electronic circuits, being the main innovation, is the use of an analogical integrator pro-
vided with reset and placed in the feedback of the electrooptic phase-modulation chain
that produces a serrodyne-shaped voltage ramp signal for obtaining the interferometric
signal phase cancellation. The performance obtained for this model (threshold sensitivity
≤0.052�/h; dynamic range = � 78.19�/s) does reach the IFOG intermediate grade (tactical
and industrial applications) and does demonstrate the suitability and reliability of
simulation-based software tools for this kind of optoelectronic design.
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1. Introduction

In all the electro-optical engineering areas, particularly in the design of high-cost devices like
IFOGs, the computational simulation resources can provide a powerful and inestimable
advance. It stems from the rapidity, the reproducibility, and the reliability of this kind of
hardware to obtain the ultimate design of a preconceived model. Furthermore, it is possible to
obtain substantial cost savings in components and time consuming for the model assembly in
optical bench. Only after having obtained an ideal design so much for the performance charac-
teristics all that for the adaptation to a specific application, it is suitable to initiate the laboratory
manufacture stage for the prototype designed previously. In this article, it is shown to the reader
an aspect that is not usually in the literature, namely: how to realize the simulation of a classical
IFOG system without having to make the real model in the laboratory. For this proposal, three
classical electrooptic simulation tools: Synopsys™OptSim®, National Instruments™MultiSim®

and MathWorks™ Matlab-Simulink® will be used. In the present decade, the design trends on
interferometric fiber optic gyroscope (IFOG) are focused on devices with very high performance
(navigation-grade, sensitivity ≤0.001�/h), mainly targeting aeronautics and spacecraft applica-
tions. Nevertheless, it is also possible to realize designs for certain applications that do not need
such a high grade of performance (intermediate-grade, sensitivity ≤0.01�/h or industrial-grade,
sensitivity ≤1�/h). The latter mentioned will constitute the objective of the model presented.
What continues next is a brief overview of the basis of IFOG performance.

The nonreciprocal phase shift between the two waves in counter-propagation (clockwise and
counterclockwise) induced by rotation when both propagate across the sensing coil of optical-
fiber, also known as Sagnac effect, is usually given by the expression (see, for instance, [1–10]):

ϕS ¼ 2 π L D
λ c

Ω (1)

being L the total length (m) of the sensing coil, D its diameter (m), Ω the rotation rate (rad/s),
and ϕS is the phase shift difference (rad), λ and c are the wavelength (m) and the speed of light
(m/s) in free space, respectively, of the radiation emitted by the laser source. The proportionality
factor that precedes the rotation-ratio is known as the scale-factor (SF) of the gyroscope, and it is
a basic constructive constant that depends on geometric and optical parameters of the device.
Taking the following initial values for the design: L = 300m,D = 0.08m, and λ = 1310 nm, a value
of 1.86 μrad/(�/h) is obtained for SF. A detailed study of the depolarizationmechanism of optical
counter-propagated waves within the fiber optic sensing coil can be consulted in [11–17]. The
main advantage of the depolarization technique is that this approach allows using a single-
mode optical fiber for the sensing coil, with the consequent economic savings on optical com-
ponents costs of the gyroscope. This design is based on a conventional IFOG structure (interfer-
ometric fiber optic gyroscope) with a sinusoidal electrooptic phase modulation and a closed-
loop feedback phase modulation realized with classic analogical electronic components, which
provides a better stability and linearity of the gyroscope’s SF, while using cost-competitive
components. The rest of the paper is organized as follows. The next section (Section 2) is focused
on the design of optical and electronic sub-systems of the model. Section 3 provides some
important calculations and estimations of the performance of the design, and Section 4 shows
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the simulation results (optical and electronic subsystems). Finally, Section 5 includes a discus-
sion on simulation results, and Section 6 collects the main conclusions of this paper.

2. Sensor design

2.1. Design of the optical system

The components of the optical system of this gyroscope are depicted in Figure 1. The light
source is a 1310 nm superluminescent diode (SLD) with a Gaussian low ripple spectral profile.
For this unit, the commercial reference SLD1024S of Thorlabs was used, with DIL-14 pin
assembly package, with FC/APC fiber pigtailing and realized in standard single-mode optical
fiber. This unit provides an adjustable optical power up to 22 mW maximum level, although
only 5 mW maximum level is needed for the present model. This unit takes an integrated
thermistor to perform the temperature control, so that it is possible to obtain the stabilization
of the power source on the spectral range. Accordingly with the temperature stabilization, the
chip package must not exceed a maximum temperature of 65�C. The directional optical coupler
is four ports (2 � 2 configuration), with 50/50 output ratio, realized with fiber-optic side-
polished technique, and an insertion loss of 0.60 dB. The linear polarizer placed at the output
of the directional input-output coupler is featured in polarization-maintaining fiber (PMF) with
a 2.50 m length, insertion loss of 0.1dB, and a polarization extinction ratio (PER) > 50 dB. The
integrated optical circuit IOC (integrated optical chip) performs the function of optical direc-
tional coupler at the input of the sensing fiber-optic coil (Y-Junction) and also the function of
electro-optic phase modulator (PM). In a more advanced design, the linear fiber-optic polarizer

Figure 1. Electro-optical system configuration.
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loop feedback phase modulation realized with classic analogical electronic components, which
provides a better stability and linearity of the gyroscope’s SF, while using cost-competitive
components. The rest of the paper is organized as follows. The next section (Section 2) is focused
on the design of optical and electronic sub-systems of the model. Section 3 provides some
important calculations and estimations of the performance of the design, and Section 4 shows
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the simulation results (optical and electronic subsystems). Finally, Section 5 includes a discus-
sion on simulation results, and Section 6 collects the main conclusions of this paper.

2. Sensor design

2.1. Design of the optical system

The components of the optical system of this gyroscope are depicted in Figure 1. The light
source is a 1310 nm superluminescent diode (SLD) with a Gaussian low ripple spectral profile.
For this unit, the commercial reference SLD1024S of Thorlabs was used, with DIL-14 pin
assembly package, with FC/APC fiber pigtailing and realized in standard single-mode optical
fiber. This unit provides an adjustable optical power up to 22 mW maximum level, although
only 5 mW maximum level is needed for the present model. This unit takes an integrated
thermistor to perform the temperature control, so that it is possible to obtain the stabilization
of the power source on the spectral range. Accordingly with the temperature stabilization, the
chip package must not exceed a maximum temperature of 65�C. The directional optical coupler
is four ports (2 � 2 configuration), with 50/50 output ratio, realized with fiber-optic side-
polished technique, and an insertion loss of 0.60 dB. The linear polarizer placed at the output
of the directional input-output coupler is featured in polarization-maintaining fiber (PMF) with
a 2.50 m length, insertion loss of 0.1dB, and a polarization extinction ratio (PER) > 50 dB. The
integrated optical circuit IOC (integrated optical chip) performs the function of optical direc-
tional coupler at the input of the sensing fiber-optic coil (Y-Junction) and also the function of
electro-optic phase modulator (PM). In a more advanced design, the linear fiber-optic polarizer

Figure 1. Electro-optical system configuration.
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can be replaced by an integrated approach, so that the former remains joined at the input of the
IOC wave-guide [18]. This way, the bulk optic polarizer is avoided, which is one important
contribution to reduce the whole space occupied by the optical system of the gyroscope.

The chosen PM is electro-optical class. Its electrodes remain parallel to the wave-guide chan-
nels obtained by diffusion of Ti on a lithium-niobate (LiNbO3) substrate. The PM zone of the
IOC includes two pairs of electrodes placed symmetrically with regard to the central axis of the
integrated block. The output ports of the IOC remain connected, respectively, to the heads of
the two Lyot depolarizers (both made on PM-fiber), with lengths L1 and L2, respectively. These
Lyot depolarizers are realized in polarization-maintaining optical fiber (PMF), connecting two
segments appropriate lengths, so that the axes of birefringence of both form angles of 45�.

Calculations of Lyot depolarizer lengths are shown next. Calculated lengths L1 and L2 of the
Lyot depolarizers summarize 26.20 and 52.40 cm, respectively.

c ́alculo despolarizadores Lyot

LD
Lc
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) LD ffi Lc Lb
λ
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20λð Þ λ
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Lc ≈ 20λ ¼ 20� 1310� 10�9� � ¼ 26:20� 10�6 m½ � ¼ 26:20 μm
� � ¼ coherence source lengthð Þ

Lb ¼ λ
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1310� 10�9

1� 10�4 ¼ 10000� 1310� 10�9� � ¼ 1:310� 10�2 m½ �

¼ f iber-optical beat length
� �

LD ffi 26:20� 10�6� �
1:310� 10�2� �

1310� 10�9 ¼ 26:20� 10�2 m½ � ¼ f iber-optical depolarization length
� �

L1 ¼ LD ¼ 26:20 cm½ �
L2 ¼ 2L1 ¼ 2� 26:20 cm½ � ¼ 52:40 cm½ �
θ ¼ 45º ¼ angle between main birefringence axis of two fibers at splices

� �

These calculations were realized taking into account a 26.20 μm value for the coherence length
of a broadband light source (emitting at 1310 nm wavelength) and a 13.10 mm value for the
beat length of optical fiber. The two optical waves CW (clockwise) and CCW (counterclock-
wise) coming from the sensing coil gather together on the Y-Junction placed at the input of the
IOC. The sensing coil consists of 300 m of optical standard single-mode fiber (commercial type
SMF28), made by quadrupolar winding on a spool of 8 cm average-diameter, which provides
1194 turns. This optical fiber presents the following structural characteristics: step refractive
index, basis material = fused-silica, external coating = acrylate, core diameter = 8.2 μm, cladding
diameter = 125� 0.7 μm, and external coating diameter = 245� 5 μm, with the following optical
parameters: ncore = 1.467, ncladding = 1.460, NA = 0.143, maximum attenuation = 0.35 dB/km at
1310 nm, h-parameter = 2�10�6 m�1, dispersion coefficient ≤ 18.0 ps/(nm � km) at 1550 nm,
polarization dispersion coefficient ≤ 0.2 ps/km½, birefringence: B = 1.0�10�6.

The chosen PM is electro-optical class. Its electrodes remain parallel to the wave-guide chan-
nels obtained by diffusion of Ti on a lithium-niobate (LiNbO3) substrate. The PM zone of the
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IOC includes two pairs of electrodes placed symmetrically with regard to the central axis of the
integrated block. The output ports of the IOC remain connected, respectively, to the heads of
the two Lyot depolarizers (both made on PM-fiber), with lengths L1 and L2, respectively. These
Lyot depolarizers are realized in polarization-maintaining optical fiber (PMF), connecting two
segments of appropriate lengths, so that the axes of birefringence of both form angles of 45�.

2.2. Design of the electronic system

In absence of rotation (Ω = 0 rad/s), the transit-time of the two counter-propagated waves
across the sensing coil is τ seconds, being its value:

τ ¼ L
c ncore

�� � ¼ ncore L
c

(2)

With the values of parameters adopted previously for the model design, assuming 1467 for
ncore value and using 1194 turns of optical-fiber wrapped on standard fiber-optic coil, the
resultant value for the transit time is τ = 1.467 μs. On the other hand, the transit time value
also determines the value of modulation frequency fm that must be applied to Phase-
Modulator (PM ), given by the expression:

f m ¼ 1
2 τ

(3)

resulting, for the present design in a calculated value of 340.83 kHz. Equation (3) comes from
the condition of maximum amplitude of the bias phase-difference modulation for the optical
wave, which is possible to formulate by the following expression:

Δϕbias tð Þ ¼ 2ϕ0 sin
2π f m τ

2

� �
cos 2π f m t� τ

2

� �h i
(4)

The condition of maximum amplitude needs the 2πfmτ = π relation to be satisfied (and then,
Eq. (3) is accomplished). The block diagram of the electronic scheme for phase modulation and
demodulation circuits is represented in Figure 2. A closed-loop configuration has been
adopted with sinusoidal bias phase modulation and serrodyne feedback phase modulation,
taking as initial reference the state-of-the-art of demodulation circuits reported till now [19–24].

However, and this is the novelty, it has been changed the structure of feedback chain, adding
now a new design of analogical integrator which incorporates one FET transistor (2N3848) as it
is depicted in Figure 3. The function of this transistor is realizing periodically the shortcut of
the capacitor therefore nulling instantaneously the voltage on feedback branch of integrator
OPAMP. The time period for shortcut FET transistor is driving by the value of Vgate voltage,
which, in turn, is controlled by an unstable Flip-Flop circuit.

Referring to Figure 3, block #7 generates a linear ramp voltage Vγ on its output, and this ramp
resets each time period driving by Vgate voltage. In this way, a resultant serrodyne-wave
voltage is easily generated at the output of this integrator circuit, obtaining finally the same
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can be replaced by an integrated approach, so that the former remains joined at the input of the
IOC wave-guide [18]. This way, the bulk optic polarizer is avoided, which is one important
contribution to reduce the whole space occupied by the optical system of the gyroscope.

The chosen PM is electro-optical class. Its electrodes remain parallel to the wave-guide chan-
nels obtained by diffusion of Ti on a lithium-niobate (LiNbO3) substrate. The PM zone of the
IOC includes two pairs of electrodes placed symmetrically with regard to the central axis of the
integrated block. The output ports of the IOC remain connected, respectively, to the heads of
the two Lyot depolarizers (both made on PM-fiber), with lengths L1 and L2, respectively. These
Lyot depolarizers are realized in polarization-maintaining optical fiber (PMF), connecting two
segments appropriate lengths, so that the axes of birefringence of both form angles of 45�.

Calculations of Lyot depolarizer lengths are shown next. Calculated lengths L1 and L2 of the
Lyot depolarizers summarize 26.20 and 52.40 cm, respectively.
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These calculations were realized taking into account a 26.20 μm value for the coherence length
of a broadband light source (emitting at 1310 nm wavelength) and a 13.10 mm value for the
beat length of optical fiber. The two optical waves CW (clockwise) and CCW (counterclock-
wise) coming from the sensing coil gather together on the Y-Junction placed at the input of the
IOC. The sensing coil consists of 300 m of optical standard single-mode fiber (commercial type
SMF28), made by quadrupolar winding on a spool of 8 cm average-diameter, which provides
1194 turns. This optical fiber presents the following structural characteristics: step refractive
index, basis material = fused-silica, external coating = acrylate, core diameter = 8.2 μm, cladding
diameter = 125� 0.7 μm, and external coating diameter = 245� 5 μm, with the following optical
parameters: ncore = 1.467, ncladding = 1.460, NA = 0.143, maximum attenuation = 0.35 dB/km at
1310 nm, h-parameter = 2�10�6 m�1, dispersion coefficient ≤ 18.0 ps/(nm � km) at 1550 nm,
polarization dispersion coefficient ≤ 0.2 ps/km½, birefringence: B = 1.0�10�6.

The chosen PM is electro-optical class. Its electrodes remain parallel to the wave-guide chan-
nels obtained by diffusion of Ti on a lithium-niobate (LiNbO3) substrate. The PM zone of the
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IOC includes two pairs of electrodes placed symmetrically with regard to the central axis of the
integrated block. The output ports of the IOC remain connected, respectively, to the heads of
the two Lyot depolarizers (both made on PM-fiber), with lengths L1 and L2, respectively. These
Lyot depolarizers are realized in polarization-maintaining optical fiber (PMF), connecting two
segments of appropriate lengths, so that the axes of birefringence of both form angles of 45�.

2.2. Design of the electronic system

In absence of rotation (Ω = 0 rad/s), the transit-time of the two counter-propagated waves
across the sensing coil is τ seconds, being its value:

τ ¼ L
c ncore

�� � ¼ ncore L
c

(2)

With the values of parameters adopted previously for the model design, assuming 1467 for
ncore value and using 1194 turns of optical-fiber wrapped on standard fiber-optic coil, the
resultant value for the transit time is τ = 1.467 μs. On the other hand, the transit time value
also determines the value of modulation frequency fm that must be applied to Phase-
Modulator (PM ), given by the expression:

f m ¼ 1
2 τ

(3)

resulting, for the present design in a calculated value of 340.83 kHz. Equation (3) comes from
the condition of maximum amplitude of the bias phase-difference modulation for the optical
wave, which is possible to formulate by the following expression:

Δϕbias tð Þ ¼ 2ϕ0 sin
2π f m τ

2
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cos 2π f m t� τ

2

� �h i
(4)

The condition of maximum amplitude needs the 2πfmτ = π relation to be satisfied (and then,
Eq. (3) is accomplished). The block diagram of the electronic scheme for phase modulation and
demodulation circuits is represented in Figure 2. A closed-loop configuration has been
adopted with sinusoidal bias phase modulation and serrodyne feedback phase modulation,
taking as initial reference the state-of-the-art of demodulation circuits reported till now [19–24].

However, and this is the novelty, it has been changed the structure of feedback chain, adding
now a new design of analogical integrator which incorporates one FET transistor (2N3848) as it
is depicted in Figure 3. The function of this transistor is realizing periodically the shortcut of
the capacitor therefore nulling instantaneously the voltage on feedback branch of integrator
OPAMP. The time period for shortcut FET transistor is driving by the value of Vgate voltage,
which, in turn, is controlled by an unstable Flip-Flop circuit.

Referring to Figure 3, block #7 generates a linear ramp voltage Vγ on its output, and this ramp
resets each time period driving by Vgate voltage. In this way, a resultant serrodyne-wave
voltage is easily generated at the output of this integrator circuit, obtaining finally the same
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intended sawtooth voltage on feedback phase modulation chain as reported on previous
designs by literature [25–27]. Working as feedback phase modulation signal, the analogical
serrodyne wave presents two important advantages with regard to the sinusoidal-one: (a) it is
possible to generate the serrodyne wave easily by means of a simple integrator circuit (Miller
integrator) with simple and low-cost electronic components; (b) the phase cancellation process
inside the control loop becomes simpler and more efficient.

In accordance with the interference principle, the light intensity at the photodetector optical
input presents the following form (for sinusoidal phase-modulation):

Id tð Þ ¼ I0
2

1þ cos Δϕ
� �� � ¼ I0

2
1þ J0 ϕm

� �þ 2
X∞
n¼1

J2n ϕm

� �
cos 2 nωm tð Þ

" #(

cos ϕS�2
X∞
n¼1

J2n�1 ϕm

� �
sin 2 n� 1ð Þωm t½ � sinϕS

) (5)

being Jn the Bessel-function of the first kind of nth order. Here, Δϕ represents the effective
phase-difference of the two counter-propagating optical waves on sensing coil. This value
results from the combined action of the phase-modulation process (ϕm ¼ ϕbias þ ϕf ) and the

Sagnac phase shift induced by the rotation-rate (ϕS). The output signal of the photodetector, in
photocurrent form, is proportional to the light intensity at its optical input. This photocurrent
signal is converted to voltage with a transimpedance amplifier that is placed at the entry of
demodulation circuit. The demodulation circuit takes the task of extracting the information of
the Sagnac rotation-induced phase shift (ϕS). The corresponding voltage signal at its output
(VS) scales as sine-function of the effective Sagnac phase difference. The PI controller performs
an integration of the VS signal in time domain, so that a voltage signal (Vγ) is obtained; this
signal growing almost linearly with the time. This latter signal is filtered by means of a low
pass filter so that the corresponding output signal on voltage form (VΩ) is a DC voltage value
that is possible to consider to be almost proportional to the gyroscope rotation-rate Ω (when
sinϕS ≈ϕS). Therefore, the analogical output voltage signal VΩ constitutes the measurement of

Figure 2. Analog closed-loop scheme for feedback phase-modulation configuration.
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Figure 3. Block-diagram for electro-optical system and phase-sensitive-demodulation (PSD). The IFOG model is closed-
loop configuration with sinusoidal-bias and serrodyne-feedback phase-modulations.
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intended sawtooth voltage on feedback phase modulation chain as reported on previous
designs by literature [25–27]. Working as feedback phase modulation signal, the analogical
serrodyne wave presents two important advantages with regard to the sinusoidal-one: (a) it is
possible to generate the serrodyne wave easily by means of a simple integrator circuit (Miller
integrator) with simple and low-cost electronic components; (b) the phase cancellation process
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results from the combined action of the phase-modulation process (ϕm ¼ ϕbias þ ϕf ) and the

Sagnac phase shift induced by the rotation-rate (ϕS). The output signal of the photodetector, in
photocurrent form, is proportional to the light intensity at its optical input. This photocurrent
signal is converted to voltage with a transimpedance amplifier that is placed at the entry of
demodulation circuit. The demodulation circuit takes the task of extracting the information of
the Sagnac rotation-induced phase shift (ϕS). The corresponding voltage signal at its output
(VS) scales as sine-function of the effective Sagnac phase difference. The PI controller performs
an integration of the VS signal in time domain, so that a voltage signal (Vγ) is obtained; this
signal growing almost linearly with the time. This latter signal is filtered by means of a low
pass filter so that the corresponding output signal on voltage form (VΩ) is a DC voltage value
that is possible to consider to be almost proportional to the gyroscope rotation-rate Ω (when
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loop configuration with sinusoidal-bias and serrodyne-feedback phase-modulations.
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the rotation rate of the system. The control system, as a whole, acts as the principle of
phase nulling. The phase-nulling process consists of generating a phase displacement
(ϕm ¼ ϕbias þ ϕf ) in such a way that the phase-difference ϕf associated with the voltage output

signal (Vf) is equal and with opposite sign with regard to the Sagnac phase-shift induced by the
rotation rate, i.e., ϕf ¼ �ϕS. To achieve this, the feedback phase modulation circuit holds a

sample of the output signal VΩ. Note that this voltage signal is obtained at the end of low pass
filter (Block 6 on Figure 3) and is proportional to rotation-rate Ω. An integration operation is
needed for obtaining a linear ramp voltage to apply on phase modulator. Then, it integrates
and inverts this signal by means of an operational integrator-inverter circuit, turning this
signal into the following form:

Vf ¼ � 1
RC

ðt
0
VΩ dt (6)

This way, the time variation of the voltage signal Vf is a linear ramp, being its slope propor-
tional to the rotation rate of the system (VΩ). Figure 3 represents clearly the optical and
electronic subsystems of the gyroscope, including the feedback phase-modulation and bias
phase-modulation circuits for getting phase nulling process, both applied together to PM
(Phase-Modulator). Referring now to Figure 3, then latter being the reference voltage for bias
phase-modulation, see Figure 2), i.e., Vm = Vbias + Vf.

Therefore, the output signal of the phase modulator will be the sum of the phase-difference
signals associated with the Vbias and Vf voltages, that is to say: ϕm ¼ ϕbias þ ϕf . The error signal

at the output of the comparator (Vε Δϕ) tends to be nulled in average-time, due to the phase-
cancellation (the average-time of the reference bias phase-modulation ϕbias is 0). The feedback
phase-modulation circuit consists of an AC sine-wave signal generator that produces a voltage
reference signal Vbias at 340.83 kHz for bias phase modulation (block 3 of Figure 3), an
analogical comparator circuit (differential-operational-amplifier, block 4 of Figure 3) that gen-
erates an error voltage signal Vε, an analogical Proportional-Integral (PI ) Controller followed
by one inverter-amplifier (block 5 of Figure 3), and a low-pass (LP) filter that yields a DC VΩ

voltage signal proportional to the rotation-rate (block 6 on Figure 3). The inverter-amplifier on
block 5 produces the inversion of the �Vγ signal, obtaining the Vγ voltage signal. The DC VΩ

output voltage after passive LP Filter on block 6 is integrated by integrator circuit on block 7
and then converted into the Vf feedback voltage signal, as calculated from Eq. (6), consisting on
constant frequency and variable amplitude serrodyne wave which is applied to one of the two
inputs of an analogical adder featured with a noninverter operational amplifier (the other
input is connected to AC signal generator, block 8 on Figure 3). Therefore, the voltage output
signal of this analogical adder is the Vm voltage signal that realizes the sum of the Vbias and Vf

voltage signals, as described previously. Figure 4 represents the detail block diagram of
electronic scheme for detection and phase sensitive demodulation (PSD) circuits. It consists
basically 12 functional blocks: (1) photodetector simulated output current, (2) transimpedance
amplifier (current to voltage converter), (3) low-pass Filter (LP-Filter, fc = 800 kHz), (4) band-
pass-filter (BP Filter, fcenter = 340.83 kHz), (5) analogical multiplier (AD630), (6) sinusoidal
Oscillator (f = 340.83 kHz), (7) analogical inverter amplifier, (8) low-noise adjustable-gain
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Figure 4. Detection and phase-sensitive-demodulation (PSD) circuits.
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cancellation (the average-time of the reference bias phase-modulation ϕbias is 0). The feedback
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analogical comparator circuit (differential-operational-amplifier, block 4 of Figure 3) that gen-
erates an error voltage signal Vε, an analogical Proportional-Integral (PI ) Controller followed
by one inverter-amplifier (block 5 of Figure 3), and a low-pass (LP) filter that yields a DC VΩ

voltage signal proportional to the rotation-rate (block 6 on Figure 3). The inverter-amplifier on
block 5 produces the inversion of the �Vγ signal, obtaining the Vγ voltage signal. The DC VΩ

output voltage after passive LP Filter on block 6 is integrated by integrator circuit on block 7
and then converted into the Vf feedback voltage signal, as calculated from Eq. (6), consisting on
constant frequency and variable amplitude serrodyne wave which is applied to one of the two
inputs of an analogical adder featured with a noninverter operational amplifier (the other
input is connected to AC signal generator, block 8 on Figure 3). Therefore, the voltage output
signal of this analogical adder is the Vm voltage signal that realizes the sum of the Vbias and Vf

voltage signals, as described previously. Figure 4 represents the detail block diagram of
electronic scheme for detection and phase sensitive demodulation (PSD) circuits. It consists
basically 12 functional blocks: (1) photodetector simulated output current, (2) transimpedance
amplifier (current to voltage converter), (3) low-pass Filter (LP-Filter, fc = 800 kHz), (4) band-
pass-filter (BP Filter, fcenter = 340.83 kHz), (5) analogical multiplier (AD630), (6) sinusoidal
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amplifier, (9) Low-Pass-Filter (LP Filter, fc = 4.82 Hz) [28], (10) analogical integrator filter (for
rotation-angle determination), (11) inverter OPAMP; the output voltage Vtheta of this inverter
allows obtaining the draft experienced by the system from a certain time (initialization time);
and (12) DC power supplies. Figure 5 represents in detail the analog PI controller and feedback
phase modulation circuits. Figure 6 represents the Vgate voltage signal generator circuit.

Figure 5. Analog controller circuit (includes blocks #1, #2, #3, and #4) and Serrodyne feedback phase-modulation circuit
(includes blocks # 5, #6, and #7).
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3. Calculations and estimations

This design has been simulated using Matlab-Simulink™ The MathWorks® and MultiSim™

National Instruments®. (Note that Synopsys® OptSim™ original version software only allows
implementing APD-type photodetectors on optical circuit design, consequently an APD-PIN
equivalent current-conversion will be necessary for connecting the simulation results to IFOG
prototype designed in this article, which owes PIN photodetector). The open-loop scale factor
K0 can be calculated (being c ≈ 3 � 108 m/s the speed of light in vacuum) as:

K0 ¼ LD
λ c

(7)

The parameters of the model were chosen as fiber coil length L = 300 m, fiber coil diameter
D = 80 mm, number of turns in the coil N = 1194, and light source wavelength λ = 1310 nm. The
average optical-power at detector optical-input is Pd = 145.61 μW, and the responsivity of the
InGaAs photodetector is R = 0.68678 μA/μW. The beat length of the optical fiber, Lb, can be
calculated from its optical birefringence (B) as:

Lb ¼ λ
B
¼ λ

nx � ny
�� �� (8)

Figure 6. Vgate voltage signal generator (Astable pulse generator + J-K Flip-flop + analog inverter).
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amplifier, (9) Low-Pass-Filter (LP Filter, fc = 4.82 Hz) [28], (10) analogical integrator filter (for
rotation-angle determination), (11) inverter OPAMP; the output voltage Vtheta of this inverter
allows obtaining the draft experienced by the system from a certain time (initialization time);
and (12) DC power supplies. Figure 5 represents in detail the analog PI controller and feedback
phase modulation circuits. Figure 6 represents the Vgate voltage signal generator circuit.

Figure 5. Analog controller circuit (includes blocks #1, #2, #3, and #4) and Serrodyne feedback phase-modulation circuit
(includes blocks # 5, #6, and #7).
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This design has been simulated using Matlab-Simulink™ The MathWorks® and MultiSim™

National Instruments®. (Note that Synopsys® OptSim™ original version software only allows
implementing APD-type photodetectors on optical circuit design, consequently an APD-PIN
equivalent current-conversion will be necessary for connecting the simulation results to IFOG
prototype designed in this article, which owes PIN photodetector). The open-loop scale factor
K0 can be calculated (being c ≈ 3 � 108 m/s the speed of light in vacuum) as:

K0 ¼ LD
λ c

(7)

The parameters of the model were chosen as fiber coil length L = 300 m, fiber coil diameter
D = 80 mm, number of turns in the coil N = 1194, and light source wavelength λ = 1310 nm. The
average optical-power at detector optical-input is Pd = 145.61 μW, and the responsivity of the
InGaAs photodetector is R = 0.68678 μA/μW. The beat length of the optical fiber, Lb, can be
calculated from its optical birefringence (B) as:

Lb ¼ λ
B
¼ λ

nx � ny
�� �� (8)

Figure 6. Vgate voltage signal generator (Astable pulse generator + J-K Flip-flop + analog inverter).
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where nx and ny are the refractive indexes of the two orthogonally polarized modes along the x
and y directions. For this model, the following performance parameters have been analyzed:
sensitivity threshold [29], dynamic range, and scale factor (SF) [30]. The values calculated
(using the formulae) and estimated (by the results of the simulations) for such parameters are
shown in Table 1. In this table, the third column shows the value calculated directly by the
formula, and the fourth shows estimated results from the optical and electronic simulations.

The threshold sensitivity considers the SNR at photodetector optical input provided by the
optical simulation, and the dynamic range and scale factor are determined by the sine function
nonlinearity (assuming the maximum value ϕS ¼ �π=6). In the formulae, h is the h-parameter of
the optical-fiber and t is the average integration time.

4. Simulation results

Three different kinds of computer simulations have been realized. First, the control system
simulation has been realized using Matlab-Simulink™ for determining the 2% settling-time
ts of the complete electro-optic system. Second, an optical system simulation has been reali-
zed using Synopsys® OptSim™ for obtaining the optical interference signal at the PIN photo-
detector optical input and its main and representative values: average optical power and
Signal-to-Noise-Ratio (SNR). Third and finally, the electronic circuit simulation made with
MultiSim™ National Instruments® to obtain the VΩ DC voltage as image of the rotation rate
of the system and then for obtaining the output graph-response of gyroscope unit.

Table 1. Performance parameters of the designed IFOG prototype (analog closed-loop configuration).
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Figure 7 represents the parametric model of IFOG´ electro-optical system. It is depicted as a
parameterized block diagram corresponding to electro-optical system equivalent to the gyro-
scopic sensor. Here, it is taking into account the values of the parameters identified on its
optical and electronics circuits. The system’s step-response curve (obtained with Matlab-
Simulink®) is shown in Figure 8. A settling time ts (2%) of 1.39 ms is obtained. This value can
be used to estimate a value for the initialization time of the final gyroscope unit. Results of
optical subsystem simulation (realized by means of OptSim™ software) are represented on
Figures 9–14. Figure 9 represents the optical schematic circuit of the designed model for

Figure 7. Parameterized block-diagram of the designed IFOG model considered as a continuous linear system (parame-
ters: L = 300 m, D = 0.08 m, λ = 1310 nm, Pd = 145.61 μW, R = 0.69 μA/μW).

Figure 8. Time-response of the complete closed-loop system obtained for step-stimulus input signal (for step-stimulus
input the ts 2% settling time obtained is 1.39 ms).
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(using the formulae) and estimated (by the results of the simulations) for such parameters are
shown in Table 1. In this table, the third column shows the value calculated directly by the
formula, and the fourth shows estimated results from the optical and electronic simulations.
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Three different kinds of computer simulations have been realized. First, the control system
simulation has been realized using Matlab-Simulink™ for determining the 2% settling-time
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Figure 7 represents the parametric model of IFOG´ electro-optical system. It is depicted as a
parameterized block diagram corresponding to electro-optical system equivalent to the gyro-
scopic sensor. Here, it is taking into account the values of the parameters identified on its
optical and electronics circuits. The system’s step-response curve (obtained with Matlab-
Simulink®) is shown in Figure 8. A settling time ts (2%) of 1.39 ms is obtained. This value can
be used to estimate a value for the initialization time of the final gyroscope unit. Results of
optical subsystem simulation (realized by means of OptSim™ software) are represented on
Figures 9–14. Figure 9 represents the optical schematic circuit of the designed model for

Figure 7. Parameterized block-diagram of the designed IFOG model considered as a continuous linear system (parame-
ters: L = 300 m, D = 0.08 m, λ = 1310 nm, Pd = 145.61 μW, R = 0.69 μA/μW).

Figure 8. Time-response of the complete closed-loop system obtained for step-stimulus input signal (for step-stimulus
input the ts 2% settling time obtained is 1.39 ms).

Optoelectronic Design of a Closed-Loop Depolarized IFOG with Sinusoidal Phase Modulation for Intermediate…
http://dx.doi.org/10.5772/intechopen.72592

225



obtaining its optical performance. Figure 10 represents the sinusoidal electrical signal pro-
vided by the AC signal generator and applied to the PM (Phase-Modulator) as bias phase-
modulation signal. Figure 11 represents the optical-power spectrum at the photodetector
optical input (central frequency is 288.844 THz).

Figure 9. Optical circuit setup of the designed IFOG gyroscope for computer simulation (OptSim™).

Figure 10. Sinusoidal voltage signal provided by AC signal generator and applied to PZT phase-modulator (PiezoZer-
amicTube).
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Figure 13. Interferometric signal at electrical output of APD-equivalent-photodetector (after electrical BP filter,
fcenter = 340.83 kHz) when Ω = � 20�/s is applied to system.

Figure 11. Optical-power spectrum obtained at photodetector optical-input.

Figure 12. Interferometric signal at electrical output of APD-equivalent-photodetector (after electrical BP filter,
fcenter = 340.83 kHz) when Ω = � 10�/s is applied to system.
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Figure 13. Interferometric signal at electrical output of APD-equivalent-photodetector (after electrical BP filter,
fcenter = 340.83 kHz) when Ω = � 20�/s is applied to system.

Figure 11. Optical-power spectrum obtained at photodetector optical-input.

Figure 12. Interferometric signal at electrical output of APD-equivalent-photodetector (after electrical BP filter,
fcenter = 340.83 kHz) when Ω = � 10�/s is applied to system.
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Considering an input value of 210 μW as the average optical power value providing by light
source, 145.61 μW were obtained at the optical input of photodetector, which means a power
loss of�9.837808 dBm. Calculation of photon-shot-noise photocurrent at photodetector, taking
into account 100 μA for average real value of photocurrent at its electrical output, is the
following:

Isn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2 q λ
h c

Pmax�detectorΔ f

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:6� 10�19� �2 � 0:65� 1310� 10�9� �

6:624� 10�34� �� 3� 108
� � � 100� 10�6� �� 1

vuut

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:096940� 10�23

p
¼ 3:312008� 10�12 A

Note that lower the photon-shot-noise photocurrent value, lower is the threshold sensitivity of
IFOG sensor and therefore also higher is its accuracy. On the other hand, it is needed to say
that for low level of optical power coupled into photodetector, the main optical noise source of
IFOG-sensor is photon shot noise (excess RIN can be neglected). This way, in accordance with
photon-shot-noise photocurrent above calculated, the threshold sensitivity of gyro sensor (that
is to say, the minimum rotation-rate which is able to measure) can be calculated as shown next
(this value is collected in Table 1):

Ωlim ffi hc2

π eqLDPmax

� �
Isn ¼ 6:624� 10�34 � 3� 108

� �2
π� 1:6� 10�19� �� 0:65� 300� 0:08� 100� 10�6� �
" #

� 3:312� 10�12 ≈ 2:5180234� 10�7 rad= sec½ �

¼ 2:5180234� 10�7 � 180º

π

� �
� 3600 sec

1 hour

� �
¼ 0:05193796

�
=hour

� �

Figures 12–14 represents the electrical interferometric signal (in APD photo-current form, after
electrical BP filtering, fcenter = 340.83 kHz) detected by an APD equivalent photodetector, when
Ω = � 10�/s, Ω = � 20�/s, and Ω = � 30�/s, respectively, are applied to the system. This is
because the block-mode simulation only offers measurements realized by an APD equivalent

Figure 14. Interferometric signal at electrical output of APD-equivalent-photodetector (after electrical BP filter,
fcenter = 340.83 kHz) when Ω = � 30�/s is applied to system.
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photodetector as optical output of the system. The average mean values of APD photo-
currents are, respectively, 1649.20 μA, 1643.30 μA and 1633.80 μA, which correspond to
99.873 μA, 99.515 μA and 98.940 μA for PIN-equivalent photodiode. Note that in this interval,
the average current decreases almost linearly as rotation-rate increases linearly. These curves
agree with theoretical interferometric curves as calculated on optical input photodetector.

The results of electronic circuits’ simulation (realized by MultiSim™ software) collect the
waveforms voltage on the following test-point voltage: Vdetection, Vfilter, Vmultiplier, Vtheta, Vserrodyne,

and Vgate (referring to Figures 4–6). All these values are obtained on electronic circuits when
Ω = + 30�/s rotation-rate is applied to system and are gathered on Figures 15–20. Figure 15
shows the detected output voltage after transimpedance amplifier (Vdetection, see Figure 4).
Figure 16 represents the output voltage after BP Filter (Vfilter, see Figure 4). Figure 17 repre-
sents output voltage after analog Multiplier (Vmultiplier, Figure 4). Figure 18 represents output
voltage after Angle analog integrator (Vtheta, Figure 4). Figure 19 represents output voltage
after analog integrator (Vserrodyne: a sawtooth-voltage with constant frequency and variable
amplitude, this amplitude depending on VΩ voltage value). Finally, Figure 20 represents Vgate

Figure 15. Vdetection voltage signal (after transimpedance amplifier) for Ω = + 30�/s when Ω = � 30�/s is applied to system.

Figure 16. Vfilter output voltage after BP filter for Ω = + 30�/s.
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Considering an input value of 210 μW as the average optical power value providing by light
source, 145.61 μW were obtained at the optical input of photodetector, which means a power
loss of�9.837808 dBm. Calculation of photon-shot-noise photocurrent at photodetector, taking
into account 100 μA for average real value of photocurrent at its electrical output, is the
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electrical BP filtering, fcenter = 340.83 kHz) detected by an APD equivalent photodetector, when
Ω = � 10�/s, Ω = � 20�/s, and Ω = � 30�/s, respectively, are applied to the system. This is
because the block-mode simulation only offers measurements realized by an APD equivalent

Figure 14. Interferometric signal at electrical output of APD-equivalent-photodetector (after electrical BP filter,
fcenter = 340.83 kHz) when Ω = � 30�/s is applied to system.

Selected Topics on Optical Fiber Technologies and Applications228

photodetector as optical output of the system. The average mean values of APD photo-
currents are, respectively, 1649.20 μA, 1643.30 μA and 1633.80 μA, which correspond to
99.873 μA, 99.515 μA and 98.940 μA for PIN-equivalent photodiode. Note that in this interval,
the average current decreases almost linearly as rotation-rate increases linearly. These curves
agree with theoretical interferometric curves as calculated on optical input photodetector.

The results of electronic circuits’ simulation (realized by MultiSim™ software) collect the
waveforms voltage on the following test-point voltage: Vdetection, Vfilter, Vmultiplier, Vtheta, Vserrodyne,

and Vgate (referring to Figures 4–6). All these values are obtained on electronic circuits when
Ω = + 30�/s rotation-rate is applied to system and are gathered on Figures 15–20. Figure 15
shows the detected output voltage after transimpedance amplifier (Vdetection, see Figure 4).
Figure 16 represents the output voltage after BP Filter (Vfilter, see Figure 4). Figure 17 repre-
sents output voltage after analog Multiplier (Vmultiplier, Figure 4). Figure 18 represents output
voltage after Angle analog integrator (Vtheta, Figure 4). Figure 19 represents output voltage
after analog integrator (Vserrodyne: a sawtooth-voltage with constant frequency and variable
amplitude, this amplitude depending on VΩ voltage value). Finally, Figure 20 represents Vgate

Figure 15. Vdetection voltage signal (after transimpedance amplifier) for Ω = + 30�/s when Ω = � 30�/s is applied to system.

Figure 16. Vfilter output voltage after BP filter for Ω = + 30�/s.
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Figure 17. Vmultiplier output voltage after AD630 analog multiplier for Ω = + 30�/s.

Figure 18. Vtheta output voltage after angle analog integrator for Ω = + 30�/s.

Figure 19. Vserrodyne at analog integrator output (feedback-voltage signal to phase-modulator) for Ω = + 30�/s.
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generated by pulse generator circuit and applied to gate of J2 N4858 FET transistor (see the
circuit on Figure 6).

The expansion of Eq. (5) with only the contribution of first two time-component harmonics
allows obtaining an approximate value for detected Id tð Þ photo-current. The result of this
approximation is:

Id tð Þ ffi I0
2

1þ J0 ϕm

� �
cosϕS

� �þ I0 J2 ϕm

� �
cos 2ωm tð Þ cosϕS � I0 J1 ϕm

� �
sin ωm tð Þ sinϕS (9)

being I0 the maximum value of detected photo-current and ϕm the amplitude of differential
phase-modulation. Assuming the ϕm ¼ 1:80 value, this value corresponding to the maximum
value of function J1 ϕm

� �
, the following Bessel functions calculations are obtained:

J0 1:80ð Þ ffi 0:33999, J1 1:80ð Þ ffi 0:58150 and J2 1:80ð Þ ffi 0:30611:

then, taking into account 100 μA as the DC average detected photodetector-current and after
some numerical adjusts, Eq. (9) yields the following analytical value:

Id tð Þ ffi 74:63 1þ 0:34 cosϕS

� �þ 45:69 cos 2ωm tð Þ cosϕS � 86:79 sin ωm tð Þ sinϕS μA
� �

(10)

This analytical expression allows to calculate for every rotation-rate Ω value (i.e., ϕS Sagnac
phase shift) the DC term and the first and second harmonics terms. These terms can later be
introduced as current DC and AC generators on MultiSim™ circuit simulation program (block 1
on Figure 4). By this means, VΩ can be measured on simulated circuit (see Figure 4), so that a
table with VΩ value versusΩ [�/s] value can be made. Table 2 lists the correlation data obtained
from the electronic demodulation circuit for the measured output-voltage signal VΩ [mV] versus
input rotation rate Ω [�/s] of the system for full dynamic range (0 to �78.19 ≈ �80 [�/s]) with a
step of 10�/s. Figure 21 shows the graphic relationship between both variables corresponding
to mentioned data table. After performing the appropriate calculations, taking into account the
theoretical value of the SF (Scale Factor) of the gyroscope that appeared on Table 1, a linear

Figure 20. Vgate voltage generated by pulse generator circuit (fixed frequency f = 32.59 kHz).
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Figure 17. Vmultiplier output voltage after AD630 analog multiplier for Ω = + 30�/s.

Figure 18. Vtheta output voltage after angle analog integrator for Ω = + 30�/s.

Figure 19. Vserrodyne at analog integrator output (feedback-voltage signal to phase-modulator) for Ω = + 30�/s.
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generated by pulse generator circuit and applied to gate of J2 N4858 FET transistor (see the
circuit on Figure 6).

The expansion of Eq. (5) with only the contribution of first two time-component harmonics
allows obtaining an approximate value for detected Id tð Þ photo-current. The result of this
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, the following Bessel functions calculations are obtained:
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then, taking into account 100 μA as the DC average detected photodetector-current and after
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This analytical expression allows to calculate for every rotation-rate Ω value (i.e., ϕS Sagnac
phase shift) the DC term and the first and second harmonics terms. These terms can later be
introduced as current DC and AC generators on MultiSim™ circuit simulation program (block 1
on Figure 4). By this means, VΩ can be measured on simulated circuit (see Figure 4), so that a
table with VΩ value versusΩ [�/s] value can be made. Table 2 lists the correlation data obtained
from the electronic demodulation circuit for the measured output-voltage signal VΩ [mV] versus
input rotation rate Ω [�/s] of the system for full dynamic range (0 to �78.19 ≈ �80 [�/s]) with a
step of 10�/s. Figure 21 shows the graphic relationship between both variables corresponding
to mentioned data table. After performing the appropriate calculations, taking into account the
theoretical value of the SF (Scale Factor) of the gyroscope that appeared on Table 1, a linear
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function can be obtained for the best fitting of the output response curve. This way, it is
possible to evaluate the linearity of this graphic and then assuming this value as scale factor
linearity of the IFOG-model. Tables 3 and 4 are constructed to obtain detailed scale-factor
linearity analysis in more restricted dynamic ranges.

Ω [�/s] 0 �10 �20 �30 �40 �50 �60 �70 �80

VΩ [mV] 0 �305 �613 �931 �1280 �1609 �1970 �2337 �2708

(VΩ)lin [mV] 0 �338.7 �677.5 �1016 �1355 �1694 �2032 �2371 �2710

|Δ(VΩ)| [mV] 0 33.73 64.46 85.19 74.92 84.65 62.38 34.11 1.834

|Δ(VΩ)/ (VΩ) lin | % 0 9.959 9.514 8.385 5.529 4.997 3.070 1.439 0.068

Table 2. Output data and linear fitting for 0 ÷ �80�/s (full dynamic range), step = 10�/s.

Figure 21. Output response curve VΩ [mV] versus Ω [�/s] (in red color) and linear fitting (in green color) for 0 to �80�/s
(full dynamic range).

Ω [�/s] 0 �1 �2 �3 �4 �5 �6 �7 �8 �9 �10

VΩ [mV] 0 �30 �59 �90 �120 �150 �180 �210 �240 �270 �305

(VΩ)lin [mV] 0 �30.13 �60.26 �90.39 �120.52 �150.65 �180.78 �210.91 �241.04 �271.17 �301.30

|Δ(VΩ)| [mV] 0 0.13 1.26 0.39 0.52 0.65 0.78 0.91 1.04 1.17 3.70

|Δ(VΩ)/ (VΩ) lin | % 0 0.431 2.091 0.431 0.431 0.431 0.431 0.431 0.431 0.431 1.228

Table 3. Output data and linear fitting for 0 ÷ �10�/s (restricted dynamic range), step = 1�/s.
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Table 3 shows data obtained for 0 to�10 [�/s] dynamic range with a step of 1�/s, and Figure 22
shows the corresponding VΩ versus Ω graphical representation. Table 4 shows data obtained
for 0 to �1 [�/s] dynamic range with a step of 0. 10�/s, and Figure 23 shows the corresponding
VΩ versus Ω graph. Tables 2–4 also includes the values (VΩ)lin [mV] of the correspondent
linear fitting, the module of the differential valuesΔ(VΩ) [mV], and the module |Δ(VΩ)/ (VΩ) lin |
of the ratio values.

The Δ(VΩ) [mV] value is defined as:

ΔVΩ ¼ VΩ � VΩð Þlin mV½ � (11)

from correlation values of both curves (output data curve and linear fitting curve), it can be
determined the non-linearity percentage coefficient of the SF, defined as the percentage of the
standard deviation, which can be calculated by the following expression:

Ω [�/s] 0 �0.1 �0.2 �0.3 �0.4 �0.5 �0.6 �0.7 �0.8 �0.9 �1.0

VΩ [mV] 0 �3 �6 �9 �12 �15 �18 �21 �24 �27 �30

(VΩ)lin [mV] 0 �3 �6 �9 �12 �15 �18 �21 �24 �27 �30
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|Δ(VΩ)/ (VΩ) lin | % 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 4. Output data and linear fitting for 0 ÷ �1 �/s (restricted dynamic range), step = 0.1�/s.

Figure 22. Output response curve VΩ [mV] versus Ω [�/s] (in red color) and linear fitting (in green color) for 0 to �10�/s
(restricted dynamic range).
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function can be obtained for the best fitting of the output response curve. This way, it is
possible to evaluate the linearity of this graphic and then assuming this value as scale factor
linearity of the IFOG-model. Tables 3 and 4 are constructed to obtain detailed scale-factor
linearity analysis in more restricted dynamic ranges.
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(VΩ)lin [mV] 0 �338.7 �677.5 �1016 �1355 �1694 �2032 �2371 �2710
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Table 2. Output data and linear fitting for 0 ÷ �80�/s (full dynamic range), step = 10�/s.

Figure 21. Output response curve VΩ [mV] versus Ω [�/s] (in red color) and linear fitting (in green color) for 0 to �80�/s
(full dynamic range).

Ω [�/s] 0 �1 �2 �3 �4 �5 �6 �7 �8 �9 �10
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Table 3. Output data and linear fitting for 0 ÷ �10�/s (restricted dynamic range), step = 1�/s.
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Table 3 shows data obtained for 0 to�10 [�/s] dynamic range with a step of 1�/s, and Figure 22
shows the corresponding VΩ versus Ω graphical representation. Table 4 shows data obtained
for 0 to �1 [�/s] dynamic range with a step of 0. 10�/s, and Figure 23 shows the corresponding
VΩ versus Ω graph. Tables 2–4 also includes the values (VΩ)lin [mV] of the correspondent
linear fitting, the module of the differential valuesΔ(VΩ) [mV], and the module |Δ(VΩ)/ (VΩ) lin |
of the ratio values.

The Δ(VΩ) [mV] value is defined as:

ΔVΩ ¼ VΩ � VΩð Þlin mV½ � (11)

from correlation values of both curves (output data curve and linear fitting curve), it can be
determined the non-linearity percentage coefficient of the SF, defined as the percentage of the
standard deviation, which can be calculated by the following expression:
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Table 4. Output data and linear fitting for 0 ÷ �1 �/s (restricted dynamic range), step = 0.1�/s.

Figure 22. Output response curve VΩ [mV] versus Ω [�/s] (in red color) and linear fitting (in green color) for 0 to �10�/s
(restricted dynamic range).

Optoelectronic Design of a Closed-Loop Depolarized IFOG with Sinusoidal Phase Modulation for Intermediate…
http://dx.doi.org/10.5772/intechopen.72592

233



SF�NonLinearity %ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
n¼1

ΔVΩð Þi
VΩ linð Þi

� 100
����

����
2

vuut (12)

so that in our case, for full dynamic range with N = 17 and taking the values obtained from
Table 2, this expression yields a value of 4.386%. For Table 3 Eq. (12) reaches the value of
0.838% and for Table 4 its value is 0.0%. This values agree with these obtained for commercial
IFOG units of similar characteristics.

5. Discussion of simulation results

The results obtained for the performance parameters of the gyroscope model designed in this
article (threshold sensibility = 0.052�/h, dynamic range = �78.19�/s, scale factor nonlinearity =
4.836%) are sufficient for intermediate grade gyroscopic applications, such as stabilization,
pointing, and positioning of mobile platforms or inertial-navigation systems for terrestrial robots
and automotive vehicles [31–36].

The effects of the different types of optical noise [37–50] which take place are not critical in the
specific design of this sensor, since its operation works in a medium level of optical-power and
the signal-to-noise-ratio (SNR) is relatively high at photodetector’s optical-input (SNR > 100 dB).
The most important type of optical-noise for this sensor is photon-shot-noise on photodetector,
with a 3.31 pA noise-equivalent-current value, this value being much less than 100 μA that
is the average photocurrent value for photodetector electrical output signal, in zero rotation-
rate conditions. This type of noise is not susceptible of correction, since it owes to intrinsic

Figure 23. Output response curve VΩ [mV] versus Ω [�/s] and linear fitting (in green) for 0 to �1�/s).
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quantum-mechanical mechanism of photoconductivity (electron–hole production by photonic
shoot).

The relative intensity noise (RIN) is an important issue in this design, since it works at a
medium-level of average optical-power coupled to photodetector optical-input (145.61 μW
average optical-power value). This type of noise stems from two causes: (1) the two interfering
optical waves do not come to photodetector with the same optical power level, due to polari-
zation crosstalk between the two orthogonal polarizations states along the entire length of
sensing fiber-coil (due to fiber-birefringence phenomenon), and (2) the light source is low-
coherence (broadband source), thereby producing several beat wavelengths, which add at
photodetector optical-input, causing a variation in relative intensity on every point of photo-
detector’s response-curve. This noise can be minimized by reducing the optical power emitted
by light source. But a very large reduction in optical power also lowers the SNR at the
photodetector, so that to maintain it at a high level, the optical power emitted by light source
cannot be reduced greatly.

The noise associated with the fiber nonlinear Kerr effect is based on the electro-optical phenom-
enon which consists in changes experienced by refractive index of the optical fiber caused when
it is excited by an optical wave that varies in amplitude. This occurs by the fluctuation of the
optical power level of light source. In the case of the gyroscopic system, this optical power
variation coupled to the fiber coil causes changes on its refractive index, which results in a phase
change in the optical wave propagated along the length of the optical fiber coil. This change can
be evaluated as a phase-equivalent noise and could be diminished efficiently using a low
coherence light source (broadband source). Another important aspect is providing the light
source with a thermal stabilization system to achieve a constant level of optical power emission.

The Shupe thermal effect is due to local temperature gradients along the fiber coil length.
These temperature gradients induce phase changes in the optical waves traveling through the
fiber. This effect can be minimized performing an appropriate winding of fiber-coil, so that a
uniform temperature distribution is achieved throughout its entire length. The quadrupolar
winding (number of turns in each layer of coil equal to an integer multiple of four) fulfills this
condition. Other minor optical noise sources with less effect on the optical signal detected by
photodetector are due to backscattering and reflections phenomena along the length of the
sensing fiber-coil. A serious disadvantage for this model design is that the results of optical
simulation do not allow realizing the evaluation of the main sources of optical noise.

Regarding the electrical noise generated by the electronic circuits, the most important is white
noise (thermal-noise or Johnson noise), which spreads equally over all the frequencies. An
appropriate way for overcoming this noise source is performing a selective filtering at the
frequency of the desired signal and fitting later the gain of the amplification stages to increase
the electrical SNR at the output. In the case of the designed IFOG circuits, a strict design of LPF
(Low-Pass-Filter) and BPF (Band-Pass-Filter) is necessary after photodetector-amplifier. It is
crucial for obtaining a good scale-factor linearity of designed IFOG-model. It is due to the fact
that it depends on linearity of the obtained VΩ versusΩ graphical representation derived from
signal demodulation process.
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Table 2, this expression yields a value of 4.386%. For Table 3 Eq. (12) reaches the value of
0.838% and for Table 4 its value is 0.0%. This values agree with these obtained for commercial
IFOG units of similar characteristics.

5. Discussion of simulation results

The results obtained for the performance parameters of the gyroscope model designed in this
article (threshold sensibility = 0.052�/h, dynamic range = �78.19�/s, scale factor nonlinearity =
4.836%) are sufficient for intermediate grade gyroscopic applications, such as stabilization,
pointing, and positioning of mobile platforms or inertial-navigation systems for terrestrial robots
and automotive vehicles [31–36].

The effects of the different types of optical noise [37–50] which take place are not critical in the
specific design of this sensor, since its operation works in a medium level of optical-power and
the signal-to-noise-ratio (SNR) is relatively high at photodetector’s optical-input (SNR > 100 dB).
The most important type of optical-noise for this sensor is photon-shot-noise on photodetector,
with a 3.31 pA noise-equivalent-current value, this value being much less than 100 μA that
is the average photocurrent value for photodetector electrical output signal, in zero rotation-
rate conditions. This type of noise is not susceptible of correction, since it owes to intrinsic
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quantum-mechanical mechanism of photoconductivity (electron–hole production by photonic
shoot).

The relative intensity noise (RIN) is an important issue in this design, since it works at a
medium-level of average optical-power coupled to photodetector optical-input (145.61 μW
average optical-power value). This type of noise stems from two causes: (1) the two interfering
optical waves do not come to photodetector with the same optical power level, due to polari-
zation crosstalk between the two orthogonal polarizations states along the entire length of
sensing fiber-coil (due to fiber-birefringence phenomenon), and (2) the light source is low-
coherence (broadband source), thereby producing several beat wavelengths, which add at
photodetector optical-input, causing a variation in relative intensity on every point of photo-
detector’s response-curve. This noise can be minimized by reducing the optical power emitted
by light source. But a very large reduction in optical power also lowers the SNR at the
photodetector, so that to maintain it at a high level, the optical power emitted by light source
cannot be reduced greatly.

The noise associated with the fiber nonlinear Kerr effect is based on the electro-optical phenom-
enon which consists in changes experienced by refractive index of the optical fiber caused when
it is excited by an optical wave that varies in amplitude. This occurs by the fluctuation of the
optical power level of light source. In the case of the gyroscopic system, this optical power
variation coupled to the fiber coil causes changes on its refractive index, which results in a phase
change in the optical wave propagated along the length of the optical fiber coil. This change can
be evaluated as a phase-equivalent noise and could be diminished efficiently using a low
coherence light source (broadband source). Another important aspect is providing the light
source with a thermal stabilization system to achieve a constant level of optical power emission.

The Shupe thermal effect is due to local temperature gradients along the fiber coil length.
These temperature gradients induce phase changes in the optical waves traveling through the
fiber. This effect can be minimized performing an appropriate winding of fiber-coil, so that a
uniform temperature distribution is achieved throughout its entire length. The quadrupolar
winding (number of turns in each layer of coil equal to an integer multiple of four) fulfills this
condition. Other minor optical noise sources with less effect on the optical signal detected by
photodetector are due to backscattering and reflections phenomena along the length of the
sensing fiber-coil. A serious disadvantage for this model design is that the results of optical
simulation do not allow realizing the evaluation of the main sources of optical noise.

Regarding the electrical noise generated by the electronic circuits, the most important is white
noise (thermal-noise or Johnson noise), which spreads equally over all the frequencies. An
appropriate way for overcoming this noise source is performing a selective filtering at the
frequency of the desired signal and fitting later the gain of the amplification stages to increase
the electrical SNR at the output. In the case of the designed IFOG circuits, a strict design of LPF
(Low-Pass-Filter) and BPF (Band-Pass-Filter) is necessary after photodetector-amplifier. It is
crucial for obtaining a good scale-factor linearity of designed IFOG-model. It is due to the fact
that it depends on linearity of the obtained VΩ versusΩ graphical representation derived from
signal demodulation process.
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6. Conclusions

An IFOG prototype was theoretically designed by means of simulating tools. The conventional
IFOG design with sinusoidal phase modulation is based on open-loop configuration. The main
innovation of IFOG-design presented here is the use of a simple closed-loop electro-optical
configuration, realized by means of optical and electronic cost competitive components. Fur-
thermore, the proposed design also allows to reach substantial progress in stability and
linearity of the Scale Factor (SF), dynamic range and threshold sensitivity of the gyroscope,
compared to previous models proposed with the same fiber-optic coil length (L = 300 m). The
cost advantage in optical subsystem is obtained by means of a design with depolarization of
optical waves, by using two Lyot depolarizers, both realized in optical fiber. This allows using
a sensing coil made in optical standard fiber, instead of a special polarization maintaining
fiber, which is much more expensive. On the other hand, the electronic circuit subsystems
(detection, demodulation, and feedback signal processing) is based on a conventional analog
design, using classic electronic components which are high precision and cost competitive, so
that it also contributes to achieving a reasonable cost and at the same time optimizing quality/
price ratio of final device. An interesting observation regarding to cost is that if the entire
volume occupied by the device does not suppose a major restriction (this condition is fulfilled
in certain applications), it is possible to get an additional saving cost by means of a particular
design of optical subsystem. This design can be based on a suitable selection of bulk optical
components: the Integrated Optical Circuit (IOC) can be replaced with two 2 � 2 fiber optical
couplers (SMF fiber), a fiber polarizer, and a fiber-based electro-optic phase modulator (PZT),
since until the day the IOC is not standard-manufacture. The same way, for light source it is
possible using a low-power and limited-consumption laser, as an Erbium-Doped-Fiber-
Amplifier (EDFA), and for depolarization of the optical wave a new solution based on bulk
optics can be adopted, such as crystal Lyot depolarizers.
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